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A bstract
The complex mechanisms by which early life factors can impact the develop­
ing mammalian system remain largely unclear. Animal studies have led to 
the identification of neurotransmitter systems that are influenced through 
manipulation of early life conditions. In addition, evidence suggests that 
early life events can influence signaling through the gut-brain axis to modu­
late brain function and behaviour. Specifically, the functions of the host gut 
microbiota and metabolism have been highlighted. Weaning and stress have 
both been shown to influence the development of central neurotransmitters 
implicated in emotional regulation. This thesis applied a multidisciplinary 
approach to investigate the effect of delayed weaning and its modulation 
by stress upon host development at multiple tiers of biological organisation. 
These included behavioural, neurochemical, gut microbial and metabonomic 
studies.
Animal behavioural studies demonstrated that a lack of weaning at the 
standard age of 21 days in rats, leads to a marked ‘depressive-like’ pheno­
type. Furthermore, receptor autoradiography revealed non-weaned animals 
to exhibit altered oxytocin receptor binding in the amygdala and different 
stress coping mechanisms. Fluorescence in situ hybridisation studies ex­
posed significant weaning and stress-induced effects upon gut microbiota 
composition. In addition, NMR-based metabonomic studies illuminated 
fluctuations in a number of endogenous and host-microbial co-metabolites 
known to be implicated in mood and stress-related disorders. Collectively, 
the results show that early life factors such as weaning and stress are able to 
have a marked influence on behavioural development. The findings highlight 
that signaling through the gut-brain axis may modulate behavioural develop­
ment possibly through the production of neuroactive metabolites at critical 
stages of development and open new areas of investigation. The findings 
identify novel targets for interventions in the pathogenesis of paediatric 
neuropsychiatrie disorders.
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1 Introduction
1.1 Early Life D evelopm ent and W eaning
From the prenatal period up to eight years of age, children undergo rapid 
growth and development that is highly influenced by their environment (see 
Walker et al. (2007) for a review). Early childhood is an intensive period 
for brain development and adequate stimulation and nutrition are essential 
for development during the first three years of life, when the child’s brain is 
most sensitive to external environmental influences (Gluckman et al, 2005). 
The commission on Social Determinants of Health, established by the World 
Health Organisation (WHO) in 2005 identified early childhood development 
as a priority issue (WHO, 2009). The rationale behind these efforts has been 
based on an increase in the understanding of normal infant behaviour and 
development, and the negative influences of factors such as poor nutrition, 
drug exposure, abuse and stress on early development and consequent later 
outcomes.
The term weaning comes from the Anglo-Saxon word “lyenzan” meaning 
to “become accustomed to something different” . Weaning is an important 
early life event occurring in all mammals that produce milk and is the pro­
cess of gradual introduction of an infant to solid diet and thus withdrawing
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the supply of its mother’s milk. It is a complex procedure that involves 
nutritional, immunological, microbiological, biochemical and psychological 
adjustments (see Lawrence & Lawrence (2011)). The World Health Organi­
sation’s infant feeding recommendation as stated in the Global Strategy on 
Infant and Young Child Feeding, is that: “in both developed and developing 
countries, infants should be exclusively breastfed for the first six months 
of life to achieve optimal growth, development and health” . After this, in 
order to meet their evolving nutritional requirements, infants should receive 
complementary foods while breastfeeding continues to two years and beyond 
(WHO, 2003).
Breastfeeding is an unequalled method of providing optimal nutrition 
in infancy and it protects the infant from a wide array of infectious and 
non-infectious diseases (see Salone et al. (2013) and Heinig k, Dewey (1996)). 
Durations of breastfeeding were generally longer in ancient times than in 
western society today (see Huggins k  Ziedrich (2007)) and most children 
in ‘traditional’ societies are completely weaned between two and four years 
of age (see Macadam k  Dettwyler (1995)). Accumulating ethnographic 
evidence has shown that beliefs and practices surrounding weaning vary 
dramatically from culture to culture and are also affected by influences such 
as religious beliefs and the structure of mother’s work activities amongst other 
such factors (see Macadam & Dettwyler (1995)). Therefore, the appropriate 
age at which humans should be weaned remains a matter of debate. Most 
studies to date have reported the positive impacts of exclusive and prolonged 
maternal breastfeeding in humans and some of the key findings are illustrated 
on Table 1.1.
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D isea se  A rea H ea lth  E ffect E xam p le  R eferen ce
Neurobehavioural Cognitive ability /  intelligence 
Attention-deficit/hyperactivity disorder 
Language and motor skills
Silva et al. (2006) 
Julvez et al. (2007) 
Dee et al. (2007)
Metabolic Obesity
Type 2 diabetes
Harder et al. (2005) 
Pettitt et al. (1997)
Atopic
Immunological
Asthma and Allergic diseases 
Inflammatory bowel disease 
Leukaemia
Odijk et al. (2003) 
Klement et al. (2004) 
Kwan et al. (2004)
Other Infectious disease Ladomenou et al. (2010)
Table 1.1: Key reported health benefits o f  prolonged breastfeeding in hum an infants  
and children.
Collectively, the reports relating to human feeding patterns suggest that 
prolonged breastfeeding is associated with enhanced neurobehavioural de­
velopment. However, the differences observed in such observational studies 
are subtle and their functional significance is unknown (see Salone et al. 
(2013) and Heinig & Dewey (1996)). Further research is needed to establish 
whether breastfeeding and/or breast milk constituents are the causal factor 
in regulating central nervous system (CNS) development or whether these 
behavioural changes are linked to a complex interaction of various factors 
such as mother-infant interactions during feeding (for a review see Kramer 
(2010)). Due to ethical regulations, social-cultural effects and other con­
founding variables, it is difficult to study the impact of weaning duration 
in humans at a neurobiological level. As a result use of laboratory rodent 
models has become the primary source of research into the impact of such 
early life manipulations.
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1.2 W eaning in R ats
The rat is an altricial mammal born blind and deaf and unable to maintain 
its own body temperature and cannot eliminate waste without maternal 
stimulation (Henning, 1981). During the first two postnatal weeks the 
mother’s milk is the only source of food for the rat pup (Thiels et aL, 1990). 
In the following weeks, rat pups gradually switch from consuming primarily 
milk to solid rat chow, which involves a transition in diet from one that is 
high in fat and low in carbohydrate to one that is high in carbohydrate and 
low in fat (Henning, 1981). This is also reflected by the changes seen in 
stomach contents of pups aged between 18 and 25 days from high amounts 
milk and low levels of chow to high levels of chow and undetectable amounts 
of milk (Henning, 1981). Prior to the commencement of solid food intake, 
pups spend most of their active time attached to the nipple and suckling, 
but once weaning begins, activities such as play fighting, grooming, feeding 
and drinking become frequent daily activities (Thiels et al, 1990). In 
addition, changes in gut microbial content (Schloss et al, 2012) and gut 
enzyme activity (Lallès et al, 2007) as well as increases in socialisation and 
exploration take place (Ferdman et al, 2007). Although suckling normally 
continues up to 34 days of age in rats, the period of time spent drinking 
and feeding reaches adult levels before this time, at around 25 days of age 
(Henning, 1981). In addition however, it has also been found that rat pups 
will continue to suckle well past the normal age, up to 70 days of age and 
when sexually active (Pfister et al, 1986).
Rat pups are born after a short gestation period of 22.5 days, compared 
to humans at 280 days, and have long been used as the species of choice
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in developmental research (Clancy et aL, 2007). As a result, the rat macro 
and micro neuroanatomy, neurophysiology and behaviour has become well- 
mapped during development (see Raedler et al. (1980) and Bayer et al. 
(1993)). Several differences between the laboratory rat and human brain 
maturation have been shown. Generally the newborn rat CNS is equivalent 
approximately to a 24-week human foetus (Romijn et al., 1991), however, 
the rat CNS maturation is much more accelerated in comparison to the 
human, and is mature by three to four weeks (Clancy et al, 2007). Quinn 
(2005) has provided details of age comparison between the rat and human in 
relation to weaning, and have shown that a 42 day-old rat can be thought of 
being equivalent to a 1 year-old human (Quinn, 2005).^
Weaning is a natural transitional process, however, in an animal experi­
mental unit, it has become a process where the dam is removed from her litter 
at a fixed age. Weaning could occur at different time-points, governed by 
the species and strains used, ethical regulations and experimental protocols. 
Typically, in the mouse weaning occurs between postnatal days (PND) 18 
and 28, whilst in the rat, the normal weaning age is at PND21 (Cramer 
et al, 1990), although, there remain discrepancies between laboratories (for 
example see Kanari et al (2005) and Shimozuru et al (2007)), where they 
have used PND30 as the normal weaning day in rats (see Tables 1.2 and 
1.3).
Studies in rodents suggest that discrepancies in quality of interactions 
between the mother and pup during the postpartum period could induce 
region-specific changes in gene expression in the brain that may lead to 
stress-reactivity, social and reproductive behaviour, cognition and reward
^Although such comparisons still remain a matter of debate and are only used here to 
give an approximation
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(Lehmann & Feldon, 2000; Lippmann et al, 2007; Meaney, 2001). One of 
the most important environmental challenges that characterise the early 
developmental stages in mammals is the gradual transition to nutritional 
and behavioural independence that takes place with separation from the 
dam. Research conducted in animals allows control over the environmental 
manipulations and enables specific parameters of such manipulations to be 
examined. These include: maternal separation; where the pup is removed 
from the dam, and isolation rearing, where the pup is removed from both 
the dam and siblings (Hofer, 1973). A pup can receive olfactory and tactile 
stimulation in a huddle and this ameliorates stress effects associated with 
maternal separation (Cirulli et aL, 1992). In research, weaning is defined 
as the breakage of the bond between the dam and her offspring and in­
cludes cessation of suckling, physical contact and social protection from the 
dam. This phenomenon is observed in all mammalian species, including 
humans. Manipulations to weaning regimens in rodents are conducted during 
the early stages of postnatal development, since this period is critical for 
environmentally-induced changes in neurobiology, when the brain is markedly 
plastic and the organisation of the CNS structures are crucial (Kikusui et aL, 
2004). ‘Early weaning’ (PND14-15), ‘regular weaning’ (PND21) and ‘delayed 
weaning’ (PND >25) are the primary focus of studies exploring behavioural 
and neurochemical consequences associated with weaning time and these are 
described in Sections 1.3 and 1.4.
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1.3 The Effect o f W eaning Tim e on Behaviour
1.3.1 E arly W eaning
Most studies observing the effect of early weaning have looked at behavioural 
outcomes in adult life, with only a few exploring immediate postnatal effects. 
In rats, the effect of early weaning on anxiety-like behaviour has been assessed 
using the elevated plus maze (EPM), open field test (OFT) and hole-board 
test (Kanari et al, 2005). Here, Kanari et al. (2005) have shown that rat 
pups weaned at PND16, compared with those weaned at PND30, spend 
lower amounts of time in, as well as a lower frequencies of entry into the open 
arms of the EPM, when tested at 7-9 weeks of age (Kanari et al, 2005). In 
addition, in the hole-board test, the frequency and duration of head-dipping 
were found to be lower in earlier weaned rats compared to those weaned 
on PND30 (Kanari et al, 2005). Kodama et al (2008) have investigated 
the effect of early weaning in rats and have shown that male and female 
rats weaned on PND16 compared with those weaned on PND30, exhibit 
increased anxiety behaviour as evidenced by a decrease in the number of 
entries and duration in the open arms of the EPM. These results have also 
been replicated in mice that have been weaned on PND 14 compared with 
those on PND21, and have also shown that precocious weaning results in 
increases in anxiety as well as aggressive behaviours (Kikusui et al (2004); 
Iwata et al. (2007); Nakamura et al (2003) and see Kikusui (2011)). In 
addition, an earlier weaning age appears to have a long-lasting effect on 
the fearfulness of adult rodents, leading to increased anxiety in response to 
challenges presented in novel environments with more profound increases in 
males than females, which demonstrate gender effects (Ito et al, 2006).
1 Introduction
George et al (2010) have investigated the behavioural effects of early 
weaning with maternal separation in C57BL/6 and DBA/2 male mice (George 
et al, 2010). In their investigations mice were either weaned on PND17 or 
PND23 and subsequently between PND65-80 the groups of animals were 
tested for anxiety, exploratory and depressive behaviours using the EPM, 
OFT and forced swim test (FST), respectively (George et al, 2010). It 
was reported that both strains of mice belonging to the PND 17 weaned 
groups exhibited increased anxiety and hyperactivity, with only the DBA/2 
strains also showing increases in behavioural despair, thus suggesting strain 
effects. These authors were unable to suggest mechanisms underlying the 
observed behavioural phenotypes, however, they ruled out malnutrition due 
to maternal absence in the groups weaned earlier, since they failed to find 
any weight changes or metabolic derangements between the two groups 
(George et al, 2010).
Play fighting behaviours are juvenile affiliative forms of social behaviour 
that have been well documented in rats and include acts such as crawling, 
social grooming, pinning, chasing, sniffing and wrestling (for review see 
Pellis & Pellis (1998) and Vanderschuren et al (1997)). It has been shown 
that both male and female rats weaned earlier (PND 16) compared with 
those weaned on PND30, have lower frequencies of playful attack and higher 
anxiety-like behaviours (Shimozuru et al, 2007). These authors suggested 
that deprivation of mother-pup interactions during the pre-weanling period, 
decreases affiliative interactions during postweaning developmental period 
and, increases anxiety in later adult life between postnatal weeks (PNW) 
4-6 (Shimozuru et al, 2007). In two earlier studies, Janus (1987a) had also 
examined the effects of precocious weaning on play-fighting and anxiety 
behaviour in rats (Janus, 1987a,b). In one study it was shown that pinning
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and play-fight behaviour in rats weaned early (PND15) occurred at a much 
lower frequency compared with those weaned at PND30 (Janus, 1987a). In 
the latter study, Janus explored the impact of different separation times 
from the dam (and hence weaning) on rat pup activity in the OFT. From 
this study it was shown that rats weaned earlier (PND 15-18) compared with 
those rats which remained with the dam until PND33, showed increases in 
the level of emotional anxiety as evidenced by an increase in the amount of 
defecation and locomotor activity (Janus, 1987b).
The development of social behaviour in rats and mice is different and it is 
generally accepted that rats are more sociable than mice (see Grant (1963); 
Grant k  Mackintosh (1963) and Balcombe (2006)). Terranova k  Laviola 
(2001) have investigated the effect of weaning time on social behaviour in 
mice. These authors, using social interaction paradigms, investigated the 
effect of weaning on PND15, PND20 and PND25 in male and female mice 
and have shown that in general female mice were more social than males. 
In addition, females belonging to the groups of animals weaned on PND25 
were found to have increased social behaviours compared with the groups 
weaned earlier (Terranova k  Laviola, 2001). In addition, it was demonstrated 
that animals belonging to the groups weaned earlier exhibited increased 
behavioural sensitivity to the actions of a selective delta-opioid receptor 
(DOPr) agonist, SNC80, compared with those animals weaned on PND25, 
where a lack of sensitivity to this drug was found (Terranova k  Laviola, 
2001). These authors suggest that the mechanism underlying this behaviour 
may be due to the plasticity of DOPr system at these postnatal days, a 
phenomenon that has been clearly demonstrated by several studies from 
Kitchen and co-workers (for example see Kitchen et al. (1994)) and Section 
1.4.1).
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Other studies utilising domestic cats have also investigated the impact of 
weaning time manipulation on different aspects of social behaviour. For ex­
ample, when compared with animals weaned regularly, precociously weaned 
kittens have been shown to express an increased amount of social behaviour 
and object play (Bateson et al, 1990; Bateson & Young, 1981). In addition, 
Martin & Bateson (1985) in their study further investigated these findings 
using the lactation-suppressing (prolactin inhibitor) compound, bromocrip­
tine, in order to simulate a component of weaning, depicting a reduction in 
maternal milk consumption by the pups. These authors showed that kittens 
belonging to cats that had the drug injected on PND30-33, compared with 
those receiving saline, exhibited higher frequencies of social play as well as 
higher locomotor scores, but unaffected object-play measures when tested 
between PND36-60 (Martin & Bateson, 1985).
Although a significant amount of doubt still surrounds the precise func­
tions of social play and behaviour, it is highly probable that the increased 
expression of this behaviour maybe deemed as sign of advancing ontogeny 
(Smith, 1991). In fact, it has been postulated that kittens could adaptively 
be responding to earlier weaning, indicating an approach in independence 
that causes an accelerated subsequent development (Bateson et al, 1990). 
Terranova & Laviola (1995) in exploring this phenomenon, reported that 
mice weaned on PND15 show increases in eating behaviour as well as fre­
quencies of exploratory-escape jump activities compared with those weaned 
on PND25 (Terranova & Laviola, 1995). These authors suggest tha t the 
behavioural ontogeny observed in mice in the earlier weaned groups may be 
due to the sensorimotor and physiological maturation (e.g. gut morphology) 
that are required for the execution of such behaviours, and their increased 
expression in PND 15-weaned mice can be regarded as an indication of ad-
11
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vancing ontogeny (Terranova & Laviola, 1995). In terms of nutritional and 
behavioural independence, it has been suggested that it is convenient for 
mice to develop as soon as possible a capacity to eat solid foods and to 
engage properly in motor activities that are most useful, such as being ready 
for escaping from predators (Bekoff, 1988). To this end, mice weaned at 
PND 15 compared with PND25 have been found to exhibit elevated motor 
activities (Laviola & Dellomo, 1997; Laviola k  Terranova, 1998).
The effect of precocious weaning on memory and learning in adulthood 
has recently been investigated in male rats using the radial arm water maze 
(Praga et al, 2014). These authors used a method of wrapping dams with a 
bandage between PND 19-21 to stop pups from suckling (thus being weaned 
earlier), compared with dams that had no bandage (available supply of 
milk to pups). They reported poor performance in memory and learning 
in early weaned rats compared with those rats that continued to receive 
milk when tested on PND 167-171 on the radial arm water maze (Praga 
et al, 2014). In addition, there is a considerable amount of research showing 
that maternal separation and its duration throughout the postnatal period 
results in impaired learning and memory performance in rats (see Kosten 
et al (2012)). However, detailed descriptions of reports relating to maternal 
separation duration and frequency rather than weaning time change are 
beyond the scope of this thesis.
The use of pigs in neuroscience has increased in the past decade, and 
a broader recognition of their potential as experimental animal models of 
human brain disorders is now well recognised (see Lind et a l (2007)). The 
standard age of weaning in swine is accepted as being around PND28 (Jensen 
k  Recen, 1989) but in the wild it may take up to 20 weeks of age (Newberry
12
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& Wood-Gush, 1985). The multiple behavioural consequences of an earlier or 
a very early weaning time on piglets have been studied by several researchers 
(Colson et al, 2006; Orgeur et al, 2001; Worsaae k  Schmidt, 1980; Worobec 
et al, 1999; Jarvis et al, 2008; Sumner et al, 2008) and see Hameister et al 
(2009). Collectively these data demonstrate that early weaning leads to 
increases in aggressive behaviours such as belly-nosing (see Table 1.2).
1.3.2 D elayed  W eaning
Although to a lesser extent than early weaning, the effects of delayed or a 
lack of weaning on behaviour have also been documented. Ferdman et al 
(2007) tested the effects of weaning on PND21 or on PND30, as well as social 
isolation after weaning, on explorative behaviour in adult 14-week old male 
and female rats. These authors reported increased activity and explorative 
behaviour in rats weaned earlier, whilst rats weaned later exhibited decrease 
in social interactions (Ferdman et al, 2007). This observation was previously 
reported not to be significant by Joffe k  Levine (1973) who also investigated 
the effect of weaning on PND21 or 30 on open field behaviour (Joffe k  
Levine, 1973). Comparison of social behaviour between mice weaned on 
PND21 compared with those weaned at a later age (PND25) showed that a 
delayed weaning was associated with increases in social behaviour of only 
the female mice with no changes in male behaviour, demonstrating a clear 
gender interaction effect associated with weaning time (Terranova k  Laviola, 
2001).
The effect of weaning on PND21 compared with weaning on PND28, on 
social interaction, anxiety and exploratory behaviour has been investigated 
in male and female mice (Curley et al, 2009). These authors have reported
13
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that male and female animals weaned on PND21 and PND28 do not differ 
from each other on the measures of anxiety behaviour such as the time spent 
in the inner area of OFT or in the open/closed arms of the EPM. However, 
they reported significant sexual dimorphism as a function of weaning age in 
these mice, in that, PND21-weaned females showed elevated levels of activity 
compared with PND28-weaned females, whereas PND21-weaned males were 
found to be less active than those weaned later on PND28 (Curley et al., 
2009). Therefore, these findings show that an additional week of maternal 
presence/care received by the mice weaned on PND28 leads to females 
developing a less active and exploratory phenotype, whereas males develop 
a more active and exploratory one (Curley at ah, 2009). These authors 
reported a decrease in social investigation of PND21 weaned offspring that 
was found to be limited to the first minute of contact. This has been 
suggested to be due to a decrease in social neophobia amongst those animals 
that remained for a longer period with the dam that has been shown to also 
indicate anxiety-like behaviours (see File h  Seth (2003)).
The impact of delayed weaning on prey-catching behaviour in kittens has 
been investigated in an early study conducted by Tan & Counsilman (1985). 
These authors looked at the development of predatory behaviour in kittens 
that had experienced either early, regular or delayed weaning, simulated 
by gradually separating the kittens from the mother starting from 4 weeks, 
whilst the kittens belonging to the delayed weaned groups were left with 
their mothers, but were denied access to solid food until the 9^  ^ postnatal 
week (Tan & Counsilman, 1985). The kittens belonging to the early-weaned 
groups were shown to develop predatory behaviours sooner and were more 
likely to kill mice than kittens that were weaned later, where late weaning 
was associated with delay in the development of predatory behaviour and
14
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subsequently these animals had a reduced propensity to kill mice (Tan Sz 
Counsilman, 1985). As a result, it seems that earlier and normal weaning 
is associated with earlier independence and development of skills, which 
may be associated with the offspring having a shortened period of time for 
obtaining these skills (see Bateson et al. (1999)).
Colson and co-workers have shown consequences of weaning piglets at 
PND21, PND28 and PND40 on growth and behaviour when tested at the 
age of 75 days (Colson et al, 2006). These authors showed that aggression 
levels were higher in pigs that were weaned later (Colson et al, 2006), an 
observation which is in accordance with the study of Mason et a l (2003), 
showing aggression levels to be higher in piglets weaned on PND35 than 
those weaned at PND21 (Mason et al, 2003). Very recently, Wu et al. 
(2013) using socially monogamous mandarin voles {Mictotus mandarinus), 
explored the impact of continued post-weaning contact between offspring 
and parents on locomotor and social behaviours. In their study, it was shown 
that voles that had stayed with the dam and hence weaned later on PND45 
compared with those animals that were weaned on PND21 and lived only 
with siblings, showed significant decreases in activity, novel object sniffing 
and less frequent rearing in the OFT, when tested on PND70 (Wu et al, 
2013). As a result, post-weaning parent-offspring interaction was found to 
have a profound influence on the behavioural development of the offspring, 
with the proposition that prolonged living with the parent until the juvenile 
period caused a reduction in the opportunities for practice that then result 
in lower exploratory behaviours. These results are consistent with those of 
Ferdman et al. (2007) that have also shown late-weaned rats to have lower 
levels of exploratory activity and social interaction.
15
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All together these findings demonstrate that early postnatal events such as 
weaning, maternal presence and mother-pup interaction can cause significant 
changes in behavioural response systems that often persist into adulthood (see 
Tables 1.2 and 1.3). Whether these effects are consequences of mother-infant 
interaction, maternal deprivation, or related to the nutritional transitions 
that take place, is however, not very clearly understood. As a result, 
further research has focused in areas relating to the identification of various 
neural, endocrine and humoral mechanisms that underlie behavioural changes 
observed in response to weaning regimens at these critical phases in life.
16
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1.4 T he Effect o f W eaning on Brain  
N eurochem istry
There is evidence to suggest that early life environmental factors can pro­
foundly influence the activity of neural systems with implications for nu­
merous behavioural and physiological responses such as the expression of 
emotional behaviour (for reviews see Kikusui (2011) and Curley et al (2011)). 
Within the framework of neurobiological consequences, there has also been 
exploration of structural and neuroanatomical changes, synaptic plasticity, 
region-specific variation in neurotransmitter and receptor levels and gene 
expression, all of which can lead to behavioural phenotypes associated with 
changes in emotionality. In the following sections the role of a selection of 
mechanisms in mediating the link between weaning time manipulations and 
neurobiological and behavioural variations will be introduced. In particular, 
attention will be given to the distinct role of weaning on the functional 
activation of the opioid receptor system.
1.4.1 O pioid S ystem
Opioid receptors include the (mu-) MOPr, (delta-) DOPr and (kappa-) KOPr 
(Kieffer, 1995). Opioid drugs act on a complex system in the brain composed 
of these three receptors, which interact with a group of endogenous peptides 
known as ^-endorphins, enkephalins and dynorphins. These peptides are 
derived via proteolytic cleavage from a group of three larger precursors that 
include preproenkephalin A, preprodynorphin and prepro-opioimelanocortin 
(POMC), respectively. In addition to /5-endorphin, POMC precursor also 
encodes the non-opioid peptides, adrenocorticotropic hormone (ACTH),
19
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a-melanocyte-stimulating hormone (a-MSH) and /5-lipotropic pituitary hor­
mone (/5-LPH). For a review of endogenous opioid peptide biology and 
function see Bodnar (2013). Endogenous peptides are small molecules that 
are produced endogenously in the CNS and in various regions throughout 
the body. In addition, peptides with opioid activity, including the caso- 
morphins, have been derived from food proteins such as wheat gluten and 
milk casein (Zioudrou et al, 1979; Meisel, 1998; Teschemacher et al, 1997). 
These peptides are called exorphins because of their exogenous origin and 
morphine-like activity and some of their activity has been linked to mental 
disorders such as autistic spectrum (ASD) and schizophrenia (for example 
see Sun Sz Cade (1999)).
1.4.1.1 Weaning and Functional Activation of DOPrs
The effect of weaning on MOPr and DOPr regulation of behavioural pain 
responses has been documented using stress-induced analgesia (Muhammad 
Sz Kitchen, 1993; Kitchen et al, 1994, 1995; Kelly et al, 1998; Goody 8z 
Kitchen, 2001). Stress activates neural systems that inhibit pain sensation. 
Stress-induced analgesia or antinociception (SIA) is a well characterised 
adaptive physiological response that depends on the recruitment of brain 
pathways that project from the amygdala to the midbrain periqueductal 
grey matter and descend to the brainstem rostroventromedial medulla and 
dorsal horn of the spinal cord (Akil et al, 1986). Endogenous opioids have 
been shown to have key functions in this process (reviewed in Parikh et al 
(2011)). SIA can be divided into opioid and non-opioid types, as determined 
by the sensitivity of the response to the opioid receptor antagonist naloxone 
and very much dependent on the nature of the stressful stimulus (Lewis
20
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et al., 1980). The SIA response to a stress stimulus can be sub-classified 
as neural, independent of hypothalamic pituitary adrenal (HPA) axis (see 
Section 1.5.1), or hormonal, dependent on HPA functioning (Bodnar et al, 
1980). Stressors such as footshock (Madden et al, 1977), swimming (Bodnar 
et al, 1978; Kitchen & Pinker, 1990), food deprivation (McGivern et al, 
1979) and immobilisation (Amir & Amit, 1978) have all been shown to 
produce antinociception in adult rats. The analgesic effects induced by these 
stressors are short lasting and often disappear within 30 minutes (Yamada 
& Nabeshima, 1995) possibly due to the enzymatic breakdown of circulating 
endogenous opioid peptides.
Jackson & Kitchen (1989) demonstrated opioid-receptor mediated SIA in 
20 and 25-day old weaned rats following 3-minute warm water swimming 
(Jackson & Kitchen, 1989). Pretreatment with a DOPr antagonist, IGI 
174,864 was found to attenuate SIA in 25-day old rats but, not in 20-day 
old rats suggesting that at 20 days, MOPrs mediate SIA before switching to 
DOPr-mediation by PND25 (Jackson & Kitchen, 1989). Kitchen & Pinker 
(1990) confirmed these observations by demonstrating that pretreatment with 
naltrindole (NTI) antagonised swim-SIA in 25 day-old rats without affecting 
SIA on those rats weaned earlier on PND20. These studies are comparable 
with earlier reports concerning DOPr ontogeny demonstrating that the 
development of DOPrs mainly occur on the third and fourth postnatal 
weeks in rats (McDowell & Kitchen, 1986). Muhammad & Kitchen (1993) 
were then able to demonstrate that delaying weaning beyond PND21, the 
standard age of weaning in rats causes a delay in the transition from MOPr 
to DOPr mediation of SIA and that this transition could be delayed by 
5-10 days by continued housing with the dam. Thus, suggesting a critical 
role for weaning in the functional activation of DOPrs in developing rats
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(Muhammad & Kitchen, 1993). Neurochemical studies have shown that at 
PND21 approximately 75% of the total DOPr complement sites are developed 
in the rat brain, whereas MOPr and KOPr sites are fully developed reaching 
adult levels by this day (McDowell & Kitchen, 1986; Spain et al, 1985; 
Kitchen et al, 1990).
Subsequent studies that were carried out by Goody Sz Kitchen (2001) 
provide evidence for a regulatory role of maternal milk on opioid receptor 
development. In these sets of studies, replacement of the birth mother with 
either a lactating or non-lactating surrogate mother at the normal time of 
weaning (PND21) indicated that extended provision of milk source prolonged 
the MOPr control of swim-SIA responses and was similar to those effects 
seen with extended housing with the birth mother (Goody Sz Kitchen, 2001). 
Moreover, removal of the birth mother and replacement with casein-rich 
bottled milk substitutes for the pups resulted in a continued MOPr control 
of swim SIA, evident up to PND40. Thus, suggesting that the loss of 
milk ingestion was the critical factor for the MOPr to DOPr transition, in 
line with the findings that had previously been observed by Muhammad 
Sz Kitchen (1993). In addition. Goody and Kitchen demonstrated that 
casein-free milk substitution under the same experimental conditions did 
not result in an extended MOPr control of SIA (Goody Sz Kitchen, 2001). 
These results indicated that milk casein was the regulatory component for 
maintaining MOPr mediation of swim SIA. Further, these investigations 
have clearly shown that the changes observed were not due to a psychological 
factor in the form of stress of maternal removal nor a physiological one, 
as of that of suckling, but rather a nutritional factor with casein being 
the potential component (Goody Sz Kitchen, 2001). To this end, presence
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of opioid-active peptides in milk proteins has been well documented (for 
example see Teschemacher et al. (1997)).
Additional behavioural data illustrating an effect of weaning on DOPr 
modulation of social behaviour in mice weaned at different ages have been 
provided by the study of Terranova Sz Laviola (2001) (see Tables 1.2 and 
1.3, and Section 1.3). When comparing the expression of social behaviour of 
mice weaned either on PND15, PND20 or PND30 under the administration 
of a selective DOPr agonist, SNC80, these authors have shown both male 
and female mice belonging to the earlier weaned groups (PND15 and 20) 
to exhibit increased social behaviour compared with the male mice weaned 
later on PND30, with a reduced sensitivity to the drug, consistent with the 
delayed maturation of this system (McDowell & Kitchen, 1987). Interestingly, 
Terranova Sz Laviola (2001) reported increased social behaviour only in 
delayed weaned female mice compared with male mice weaned at this age. 
This is consistent with the well-known sexual dimorphism in the development 
of the opioid system in the brain in which androgens have been shown to 
play a key role (Adams et al, 1991; Hammer Jr, 1988).
These findings provide strong evidence of an important infiuence of weaning 
on the development and function of the central opioidergic system.
1.4.2 O xytocin  and V asopressin  S ystem
The function of the peptide hormone, arginine vasopressin (AVP), has been 
explored in broad range of contexts, including social behaviour, aggression, 
reproduction and stress responses (see Donaldson Sz Young (2008); Keverne 
& Curley (2004); Neumann Sz Landgraf (2012). The oxytocinergic system 
has been implicated in the pathophysiology and the treatment of neuropsy-
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chiatric disorders and this field has recently received increasing attention 
(see Marazziti & Dell’Osso (2008)). Oxytocin receptors are found in many 
brain regions including the amygdala, nucleus accumbens, hippocampus 
and are involved in the pathophysiology of depression, anxiety and social 
disorders (see Cochran et al. (2013)). Similarly, the role of vasopressin in 
the regulation of emotional and social behaviour has been well documented 
(reviwed by Ebstein et al. (2009)).
AVP plays an anxiogenic role, with elevated AVP expression in hypotha­
lamic paraventricular nucleus (PVN) being associated with increases in 
anxiety and aggressive behaviours (Murgatroyd et al, 2004; Ferris et al, 
2006). To this end. V ia receptor knock-out (KO) animals are known to 
exhibit impaired social interaction as well as reduced anxiety behaviours 
(Bielsky et al., 2004). In mice, a later weaning age (PND28) compared 
with regular weaning on PND21, has been shown to be associated with 
elevated levels of V ia receptors in several hypothalamic regions of female 
mice (Curley et al, 2009). These authors have reported delayed weaned 
females to exhibit increased social behaviours (Curley et al, 2009). As a 
result, they have suggested that the behavioural differences observed in their 
studies between PND21- and 28-weaned mice could be due to alterations 
in hypothalamic V ia receptor densities (Bielsky et al, 2005; Curley et al, 
2009). In conjunction with this, these authors have also investigated the 
association of the oxytocinergic system with weaning time.
The nanopeptide oxytocin (OT) is synthesised primarily in the PVN and 
the supraoptic nucleus (SON) and plays a key role in the modulation of 
social and emotional behaviours (see Keverne Sz Curley (2004); Neumann & 
Landgraf (2012)). It acts on its receptors (OTR) that are located in several
24
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brain regions, including the cortex, limbic system, hypothalamus and brain 
stem (see Neumann & Landgraf (2012)). In contrast to AVP, OT release is 
associated with decreases in anxiety and neuroendocrine responses to stress 
(Neumann, 2002). Curley et al. (2009) have described sex-specific changes in 
the binding of OTRs in the brains of mice weaned on PND21 compared with 
those weaned later on PND28. They have reported a trend of higher OTR 
binding in delayed weaned females and males, compared with mice weaned 
earlier, in the nucleus accumbens core (AcbC). They showed that weaning 
age and sex does not infiuence the density of OTR in the central nucleus 
of amygdala (CeA), bed nucleus of stria terminalis (BNST), lateral septum 
(LS), media preoptic area (MPOA), nor in the nucleus accumbens shell 
(AcbSh). However, they did report sex-specific changes in the ventral medial 
hypothalamus (VMH), a region known to modulate socio-sexual behaviours 
(Cushing & Kramer, 2005; Dugger et al., 2007), with females belonging 
to delayed weaned groups having increased OTR binding than their male 
counterparts (Curley et al, 2009). Thus, there seems to be a link between 
early life conditions and behaviour that are associated with the oxytocin 
system. Most other studies have reported variations in maternal behaviour 
and OTR levels during the postpartum period due to the well-documented 
effects of OT on lactation, maternal behaviour and mother-infant attachment 
(Febo et al, 2005; Francis et al, 2000). However, further details of such 
studies are beyond the scope of this thesis.
1.4.3 Seroton in  S ystem
Serotonin or 5-hydroxytryptamine (5-HT) is a monoamine neurotransmitter 
of the mesolimbic system and has a role in modulating emotional and
25
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behavioural control (see Cools et al. (2008)). The effects are mediated 
through at least 13 distinct G protein-coupled receptors (GPCRs). 5-HT 
receptors are currently separated into seven major classes (5-HTi - 5-HT%) 
and subdivided further, based on structural and operational features (Hoyer 
et al., 1994). Deprivation of maternal contact through early weaning has been 
shown to be associated with reduced social play, elevated anxiety-like and 
depressive-like behaviours (Shimozuru et al. (2007); Janus (1987a); Kikusui 
et al. (2006) and see Section 1.3.1). Mice weaned early on PND14, that 
exhibit increased aggressive behaviours, have been shown to have reduced 
levels of the 5-HTiB but not 5-HTi^ receptor mRNA expression in the 
hippocampus compared with mice weaned on PND21 (Nakamura et al, 2008). 
These authors investigated these systems due to their known involvement 
in regulating aggressive behaviour (de Almeida & Miczek, 2002). In mice 
weaned at PND16, compared with those weaned at PND30, Kikusui et al 
(2007) reported lower brain weights but higher myelin basic proteins (MBP) 
in mouse brain tissue extracts, suggesting that early weaning decreases 
myelin formation and increases anxiety behaviour (Kikusui et al, 2007). 
Recent studies have shown disorders such as schizophrenia to be associated 
with deficits in myelin formation (Hof et al, 2003). Myelin formation has 
also been shown to affect 7-aminobutyric acid(GABA)ergic transmission and 
has a crucial role in anxiety behaviour (Viola et al, 2001).
Sumner et al (2008) studied the effect of weaning on PND12 and PND42 
in pigs and reported lower activity and vocalisation levels amongst pigs 
that had been weaned earlier (Sumner et al, 2008). Due to the known 
role of monoamine 5-HT neurotransmitters in the development of mood 
disorders (see Ressler k  Nemeroff (2000); Deakin (1998)), they studied both 
the binding and the mRNA expression levels of 5-HT%  ^and 5-HT2A receptors
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in different brain regions of pigs on PND90. They showed no differences in 
binding levels of 5-HTi^ or 5-HT2A receptors in any brain region analysed, 
however they reported that pigs that had been precociously weaned, had 
decreased 5-HTi^ mRNA in the dentate gyrus (DG), hippocampus and 
in the amygdala, regions that are known to have key roles in mediating 
emotional behaviour (Sumner et al, 2008; Lopez-Figueroa et al, 2004). In 
addition, they showed that pigs weaned earlier (PND12) had increased levels 
of 5-HT2A mRNA expression in the hippocampus and amygdala (Sumner 
et al, 2008). Such data suggest that different regulatory mechanisms are 
in place and that the behavioural and neurobiological responses to early 
weaning might be due to a dysfunction or an adaptation of the serotonin 
system.
1.4 .4  D opam ine S ystem
Dopamine (DA) is a neurotransmitter of the mesolimbic system and is 
involved in many reward-related behaviours and has been implicated in a 
number of neuropsychiatrie and neurodegenerative diseases. The actions of 
DA are mediated by five distinct GPCRs including Dia-d-D5. During earlier 
studies carried out by Sharman et al (1982), an impact of weaning time 
on the monoaminergic DA system was reported, where it was shown that 
piglets weaned early exhibited stereotyped belly-nosing behaviour which 
was shown to be associated with reductions in the metabolism of DA in 
parts of the brain receiving DAergic inputs (Sharman et al, 1982; Mann & 
Sharman, 1983). However, to date, no other studies in any species, other 
than those documenting the behavioural effects of maternal separation during 
the postnatal period (for example see Mann & Sharman (1983)), have been
27
I Introduction
published to show a direct association between the DAergic system and 
weaning time.
Indirect evidence showing an association between manipulations of weaning 
time to changes in the DA system comes from the work of Laviola & Del- 
lomo (1997). Here, these authors compared adult (PND70) cocaine-induced 
conditioned place preference (CPP) responses of mice weaned precociously 
(PND15) to those weaned on PND25 (Laviola & Dellomo, 1997). These au­
thors demonstrated that early-weaned mice showed a clear, dose-dependent 
CPP, whilst mice weaned on PND25, spent markedly less time in the drug- 
paired area. Cocaine is a potent addictive agent whose reinforcing properties 
has been shown to rely on mesolimbic DAergic mechanisms (Di Chiara & 
Imperato, 1988). Thus, the differential effects observed in the study of 
Laviola & Dellomo (1997) suggests that alterations in the function of the 
mesolimbic and nigrostriatal DA system can be hnked to subtle changes that 
occur during development, such as that of the manipulation in weaning time 
(Laviola & Dellomo, 1997).
Table 1.4 illustrates some of the main findings that show an association 
between weaning and neurochemical development in a number of species. 
The evidence suggest that interruptions to the process of weaning can 
have multiple effects upon behaviour on a neurochemical basis. However, 
most studies show mixed results and have failed to clearly indicate whether 
the observed changes are due to maternal deprivation at different time- 
points or due to nutritional changes that occur at this stage, or indeed a 
combination of these factors. As a result, further investigations need to 
be implemented in order to pinpoint whether alterations of weaning time 
represent neurobiological dysfunctions or adaptations.
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1.5 Stress During D evelopm ent
Considerable attention has been given to the observation that early life 
adverse experiences predispose individuals to the development of affective 
and anxiety disorders. Early-life stress in critical phases of development may 
result in neurobiological changes that lower the threshold for developing 
depression and anxiety (Kessler, 1997). Behavioural modelling of such 
factors may provide novel approaches for the prevention of psychopathology 
associated with stress in early and later hfe. Selye (1936) first described the 
concept of stress as a specific pattern of response to a variety of “stressors”. 
Both physiological and emotional disturbances could act as stressors that then 
result in the initiation of the sympathetic nervous system (SNS) and adrenal 
responses (for a review see Tsigos & Chrousos (2002)). Irrespective of the 
nature of the stressor(s), the physiological responses are primarily mediated 
by the hypothalamic pituitary adrenal (HPA) axis (Selye, 1936).
1.5.1 T h e H P A  A xis
The HPA axis, a major part of the neuroendocrine system, is a set of direct 
influences and feedback interactions that occur between the hypothalamus, 
the pituitary gland and the adrenal glands and control the reactions to stress 
(see Tsigos & Chrousos (2002) and see Figure 1.1). Systemic stressors can act 
directly on pituitary cells that result in the sequential release of corticotropin- 
releasing hormone (CRH) and adrenocorticotropic hormone (ACTH), which 
in turn stimulate the release of glucocorticoids (GC) with corticosterone being 
released in rats/mice and cortisol in humans (see Lightman (2008)).
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f
+ CRH f 
7 AVP
+ ACTHh
Glucocorticoids
Hypothalamus
PVN
Adrenal Glands
Anterior Pituitary 
 POMC
Figure 1.1: Schem atic diagram o f the major com ponents o f  the hypothalam ic-pituitary- 
adrenal (H PA ) axis. External stim uli such as a physiological or psychological stressors 
can induce nerve cells in th e  paraventricular nucleus o f th e  hypothalam us to  produce  
and release corticotropin-releasing horm one (CR H ) and vasopressin (A V P ). Inside 
th e  hypothalam us, CRH and AVP stim ula te  th e  production o f  proopiom elanocortin  
(P O M C ), w hich serves as th e  basis for a num ber o f  stress-related  horm ones such as  
adrenocortocotropic horm one (AC TH ). ACTH stim ulates cells o f  the adrenal glands to  
produce and release glucocorticoids (cortisol in man, corticosterone in rodents). W hen  
corticosterone levels reach a certain level, th e  release o f ACTH and CRH diminish. Note; 
-T excites, - inhibits. Diagram adapted from T sigos & Chrousos (20 0 2 )
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The principal hypothalamic stimulus to the pituitary adrenal axis is CRH 
(with AVP also having a synergistic effect with CRH) in stimulating the 
release of ACTH (Vale et al, 1981; Lamberts et al, 1984). CRH and 
CRH receptors (R1 and R2) are found in many regions of the brain in and 
outside of the hypothalamus including the amygdala, hippocampus, locus 
coerulus (LC), brain stem and the spinal cord (see Turnbull &: Rivier (1997)). 
Stress is a potent activator of CRH release from the hypothalamus and 
extrahypothalamic regions (Habib et al, 2000). Circulating ACTH is a 
key regulator of GC secretion from the adrenal cortex. GCs are the final 
effectors of the HPA axis and participate in the control of body homeostasis 
and the organism’s response to stress and regulate basal activity of the 
HPA axis. They also act as the terminators of stress responses by acting at 
extrahypothalamic regions, hypothalamus and pituitary gland through their 
action on glucocorticoid receptors (Pratt, 1989).
The HPA axis shows a characteristic developmental pattern in the rat 
(Levine, 1994), mouse (D’Amato et al, 1992; Cirulli et al, 1994; Schmidt 
et al, 2002) and human (see Matthews (2002)). Brief and protracted periods 
of maternal separation have been shown to produce profound effects on 
behaviour and neuroendocrine responses in a number of animals and such 
maternal separation or deprivation models have been successfully utilised to 
study the development of the stress systems from birth to adulthood (see 
Anisman et al (1998)). In the rat, the postnatal development of the stress 
system is characterised by what is known as the stress hypo-responsive period 
(SHRP) (Schapiro et al, 1962). Prom around PND4 to 14, rat pups during 
the SHRP exhibit low basal concentrations of corticosterone and an inability 
of mild stressors to induce corticosterone response (Levine, 1994). To this 
end, it has also been shown that the concentrations of ACTH and CRH
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also remain low during this phase (Walker et al, 1986). The HPA system 
does not develop uniformly and different components of the system have 
different ontogenic patterns (Goldman et al, 1973). There are several lines 
of evidence that are available to show the ontogeny of central components of 
the system in rats and mice.
Schmidt et al (2002) examined the expression levels of CRH, mineralocor- 
ticoid receptors and glucocorticoid receptors in mouse pups at PND9 and 18. 
By using a 24-hour maternal separation model to induce stress at these two 
ages, these authors demonstrated low basal concentrations of ACTH and 
corticosterone at PND9, and no or little response to mild stressors at this 
age, confirming existence of the SHRP (Schmidt et al, 2002). Furthermore, 
at PND18, mice were shown to display adult-like ACTH and corticosterone 
responses following exposure to a mild stressor. Maternal separation was 
shown to cause an enhanced basal and stress-induced level of corticosterone 
at both ages, with elevated ACTH levels following maternal separation at 
PND9, and a blunted response at PND18 (Schmidt et al, 2002). All together, 
these findings provide evidence for a differential ontogenic development of 
the HPA axis system in response to stress, but also clearly illustrate that 
maternal factors during early postnatal life play a key role in the regulation 
and activation of this system.
1.5.2 W eaning and Stress R espon ses
Neonatal maternal separation is an intense stressor that has repeatedly 
been shown to induce long-lasting hyper-activity of the HPA axis resulting 
in increased levels of corticosteroids (Plotsky & Meaney, 1993; Meaney &: 
Plotsky, 2000). Variations in weaning patterns have been shown to be
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associated with altered response to stress and modifications of HPA axis 
activity and function (Cook, 1999). Weaning time has also been shown 
to have an effect on the expression of glucocorticoid and mineralocorticoid 
receptors in both rodents and pigs. In a study carried out by Kikusui 
et al. (2006), male mice weaned early (PND14) compared with those weaned 
on PND21, showed higher expression of glucocorticoid receptor mRNA 
expression in the hippocampus (Kikusui et al, 2006). In contrast, decreased 
glucocorticoid receptor expression in the hippocampus has been shown to 
lower the feedback inhibition by circulating glucocorticoids that then result in 
higher secretion of corticosterone after stress exposure (Kikusui et al, 2006). 
To this end, Kikusui et ah, (2006) reported higher levels of corticosterone in 
male mice weaned on PND14 compared with those weaned on PND21, with 
early-weaned animals also showing increased anxiety-behaviour in the EPM, 
shown to be associated with greater levels of corticosterone secretion than 
mice weaned on PND21 (Kikusui et al (2006) and see Table 1.4).
The impact of precocious weaning on HPA activity immediately after 
weaning has also been investigated (Kikusui et al, 2009). Here, both male 
and female mice weaned early on PND14 showed higher corticosterone levels 
up to 48 hours after weaning took place (Kikusui et al, 2009). By contrast, 
after weaning on PND21, corticosterone levels returned to baseline within 
1 hour (Kikusui et al, 2009). Brain-derived neurotropic factor (BDNF) 
and neurogenesis are both reported to be decreased by higher levels of 
glucocorticoids and are correlated with psychopathological symptoms (see 
(Jacobs et al, 2000; Mirescu et al, 2004)). Male but not female mice weaned 
on PND14 have been shown to have less BDNF protein in the hippocampus 
at 3 weeks of age compared with mice weaned regularly on PND21 (Kikusui 
et al, 2009). As mentioned above, precocious weaning also causes an increase
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in glucocorticoid receptor expression in the hippocampus and this may 
indicate that weaning at an earlier age decreases BDNF expression in the 
hippocampus via higher sensitivity to glucocorticoids in a sex-dependent 
manner.
Poletto et al. (2006), in comparing pigs weaned either on PNDIO, PND21 
and or non-weaned (stayed with sow), demonstrated that piglets weaned on 
PNDIO had increased aggressive behaviours as well as lower glucocorticoid 
receptor mRNA gene expression in the hippocampus and, a higher level of 
mineralocorticoid mRNA gene expression in the frontal cortex on PND23 
(Poletto et al, 2006). The hippocampus and frontal cortex are involved in 
the regulation of cognition and behvaioural organisation (see Kesner et al.
(2004); Ôngür & Price (2000)) and basal concentrations of corticosteroid 
hormones such as glucocorticoids are essential for maintaining such functions 
(Erickson et al, 2003). The hippocampus and frontal cortex are affected by 
stressful events as shown above, since these areas contain high densities of 
binding sites for corticosteroids (Erickson et al, 2003). To this end, high 
concentrations of corticosteroids during brain development have been shown 
to cause behavioural deficits that may then not be reversible (see McEwen 
(1997)).
All together, the evidence suggests the existence of a strong relationship 
between weaning time manipulation and stress exposure during early life 
and on neurobehavioural and endocrine development. The impact of such 
early life experiences on the stress system can be observed in both the 
early stages of postnatal life and have been shown to persist into adulthood. 
However, most of the studies indicate that the observed changes may be 
due to maternal deprivation at different time-points rather than due to
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nutritional changes that occur at this stage. As a result the number of 
studies specifically exploring the nutritional changes taking place at weaning 
on brain development is currently sparse and requires investigation.
One area of growing interest is the effect of early life dietary factors and 
stress stimuli on the colonisation of the gut microbiota and the existence of 
a bidirectional gut-brain axis in modulating neurobehavioural development. 
Currently, there is a lack of literature investigating the exclusive role of 
weaning on rodent gut microbiota composition and its association with 
neurobehavioural development. Of interest however, a number of studies 
have shown that the presence of gut microbiota and specific bacterial species 
can regulate the set point for HPA axis activity and alter behaviour (see 
Section 1.6.4).
1.6 The G ut-Brain A xis
1.6.1 G ut M icrob iota
The gut microbiota is a mixture of microorganisms that inhabit the mam­
malian gastrointestinal (GI) tract, most of which reside in the distal gut. 
The composition of the gut microbiota is highly host-specific and evolves 
throughout the lifetime, being shaped by both endogenous and exogenous 
pressures (Adlerberth & Wold, 2009). Multiple studies have investigated the 
structure and function of the gut microbiota and its key roles in health and 
disease have been illuminated (see Wallace et al. (2011)).
The gut microbial community reaches about 10^ '^  bacteria in adult humans 
(Eckburg et al, 2005). Recent analysis involving multiple human subjects
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has shown that the collective human microbiota is composed of over 35,000 
bacterial species (Sekirov et al, 2010). The genes in the combined genomes 
of these bacteria are known collectively as the intestinal microbiome. The 
microbiome encodes unique metabolic functions that are absent from that 
of the host providing a metabolic extension to the relatively limited host 
genome (see Ottman et al (2012)). This includes the ability to extract energy 
and nutrients from otherwise indigestible dietary components providing the 
host with a mechanism to salvage calories from the diet (see Backhed et al
(2005)). The large number of gene products leads to a diverse range of 
biochemical and metabolic capabilities to complement host physiology (see 
Section 1.6.4).
Axenic or germ-free (GF) animal models are used for studying the effect of 
bacterial colonisation on disease states (see Smith et al (2007)). GF animals 
enable investigators to explore how host functions are affected by colonisation 
with commensal microbes or lack thereof. GF animals have no competition 
for colonisation by incoming microorganisms and so it is possible to selectively 
colonise GF animals with a few defined microbial species (Schaedler et al, 
1965). Following selective colonisation by one or more bacterial species the 
animals are defined as having a gnotohiotic status (Thompson & Trexler, 
1971). In addition, specific pathogen-free (SPF) animals are used and have 
an absence of known pathogens (Baker, 1998). Some studies have also 
evaluated GF animals alongside conventional counterparts and have revealed 
interesting findings implicating the role for gut microbiota in the aetiology 
of a number of diseases such as irritable bowel syndrome (IBS) (Kassinen 
et al, 2007), obesity and metabolic syndrome (Vijay-Kumar et al, 2010; 
Zhao, 2013), allergy (Kirjavainen & Gibson, 1999), cardiovascular diseases 
(Howitt & Garrett, 2012) as well as brain and behavioural disorders (Cryan
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&: Dinan, 2012). The role of gut microbiota in modulating behaviour will be 
introduced in detail in Sections 1.6.6 and 1.6.7.
1.6.2 G ut M icrob iota  C om position
Recent advances using culture-independent methods using a combination 
of sequence analysis of 16S rRNA gene- and metagenomics libraries, and 
fluorescence in situ hybridisation (FISH) approaches have demonstrated 
that the most abundant bacterial groups in the intestine belong to the phyla 
of the Firmicutes (including the large class of Clostridia and lactic acid 
bacteria) and the Bacteroidetes which dominate the ecosystem, followed 
by Actinobacteria (which include Collinsella and Bifidobacterium spp.), 
Proteobacteria, Fusobacteria, Verrucomicrobia and Archea phyla (Eckburg 
et al, 2005; Zoetendal et al, 2006). The numbers of bacterial cells contained 
within the stomach is around 10^ , and increases down the proximal tract 
from 10  ^ in the duodenum, 10  ^ in jejunum to 10  ^ in the ileum. The colon 
specifically has been shown to hold between lO^ -^lO^  ^ of the lO^ '^  bacterial 
cells found in the entire GI tract (see Ley et al (2008)).
The factors that influence gut bacterial colonisation are still poorly under­
stood, however, it is acknowledged that there are different key critical periods 
of microbial colonisation of the infant GI tract after birth (Langhendries, 
2006). The initial stage of colonisation includes birth and the first few hours 
of life, whilst the second, is a period of exclusive milk-feeding. The third 
stage of microbial colonisation begins once weaning and introduction of solid 
food commence (Mackie et al, 1999). A number of environmental factors 
have been shown to influence gut microbiota development and composition.
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These include: diet, stress, maternal colonisation, environmental exposure 
and antimicrobial treatment (see Sommer & Backhed (2013)).
A large number of studies have assessed the composition of gut microbiota 
in infancy, childhood and in adulthood. Table 1.5 illustrates the viable counts 
expressed as mean log^o colony forming units (CFU) of bacterial groups per 
gram in faecal contents from 300 European infants (Adlerberth &; Wold, 
2009). The dramatic change in nutritional intake at the time of weaning has 
been shown to generate perturbations of the intestinal microbiota. To this 
end, several studies have revealed increases in the diversity of microbiota 
becoming more adult-like. For instance, an increased number of clostridial 
and lactobacilli species following weaning has been shown (Wang et al, 2004; 
Roger &: McCartney, 2010; Magne et al, 2006).
B acterial Group
A ge
1 week 2 m onths 6 m onths 12 m onths
N um ber o f viable bacteria (log^g C F U /g  feaces)
Lactobacillus 6 8 8 6
Enterococcus 8 8 8 7
Bifidobacterium 9-10 10 10 9-10
Bacteroides 9 9-10 9 9
Enterobacteriacea 8-9 8-9 8-9 7-8
Staphylococcus 7-8 6 5 4-5
Clostridium 6 6 6 6
Table 1.5: Main bacterial groups found in th e  hum an infant g u t m icrobiota. T h e  
num ber o f  viable co u n ts o f  bacterial groups obtained  from  faecal sam p les o f  300 
European infants. T h e  m ean log^g co u n ts are show n. D ata taken from  Adlerberth & 
W old (2009).
Microbial colonisation in rat pups has been explored to a lesser extent 
compared with the ecosystem in human infants, however it is acknowledged 
that the first succession of intestinal microbiota in rodents resembles that 
of the humans (Umesaki Sz Setoyama, 2000). Wenzl et al (2001) have 
shown Gram-positive cocci such as Staphylococcus spp., enterococci and
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micrococci to be the first colonisers of the neonatal small intestine and 
persist in the same succession until PND42. These authors have shown 
lactobacilli were present in higher numbers in all animals studied, whereas 
on PNDIO, aerobic microorganisms were more dominant, with significantly 
more Enterobacteriacea, Enterococcus and Streptococcus species being found 
in the pup faecal microbiota compared with their dams (Wenzl et al, 2001). 
It has been found that Enetrobacteriaceae, Lactobacillus and Enterococcus 
dominate the faecal microbiota when pups are 14-days old (Yajima et al, 
2001). Similarly with humans, the neonatal rat microbiota is less complex 
compared with the dam. Inoue & Ushida (2003) carried out a polymerase 
chain reaction temperature gradient gel electrophoresis to investigate the 
development of the rat intestinal microbiota from 18-40 days of age. The 
authors showed that the main changes occur between PND21 and 22 when 
the animals are weaned with increases in the number of bacteria belonging 
to the phyla of Firmicutes (Inoue & Ushida, 2003).
All together, the evidence shows a clear influence of weaning time on the 
development of the gut microbiota. Weaning represents a key nutritional 
transformation occurring early in life and it is now appreciated that dietary 
composition can influence a number of gut bacterial populations. The gut 
microbiota have diverse metabolic capabilities and thus bacterial composi­
tional shifts imposed on the host by environmental changes can influence 
such metabolic activities.
1.6.3 H ost-G u t M icrob iota  M etab o lism
The gut microbiota not only function to shape the immune system and 
harvest energy, but are also involved in direct chemical communication
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through signaling pathways that connect many organs and tissues around 
the body including the brain (Cryan & O’Mahony, 2011; Nicholson et al, 
2012). The gut microbiome acts an extra organ in mammalian host with 
a large capacity for the metabolism of chemicals derived from endogenous 
mammalian metabolism, nutrients and other xenobiotics. Products of micro­
bial metabolism act as signaling molecules and can in turn influence the hosts 
metabolism (see Tremaroli & Backhed (2012)). These small molecule mes­
sengers include, bile acids, biogenic amines, products of choline degradation 
and short chain fatty acids (SCFAs).
As an example, complex carbohydrates such as dietary fibre are metabolised 
by the microbes in the colon to oligo- and monosaccharides and then are 
fermented to produce SCFA end products such as acetate, propionate and 
butyrate. SCFAs are absorbed in the colon where butyrate provides en­
ergy for colonic epithelial cells, and acetate and propionate form substrates 
of gluconeogenesis and lipogenesis in the liver and peripheral organs (see 
Tremaroli & Backhed (2012)). In addition to being energy sources, SCFAs 
control colonic gene expression and metabolic regulation by, for example, 
signaling through CPCRs. MacFabe et al (2011) have reported that SCFAs 
regulate the function of the enzyme, histone deacetylase and stimulate the 
sympathetic nervous system and may modulate rodent social behaviour via 
these mechanisms (MacFabe et al, 2011).
There are many ways to establish the associations between microbes and 
the metabolites they produce. Metabolic profiling of biofluids, such as urine, 
plasma or faecal water, using high-resolution spectroscopy methods is an 
effective tool for measuring metabolites from both microbial and mammalian 
origin. When used in conjunction with animal models of varying gut microbial
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states, this systems biology approach can be used to study the metabolic 
cross-talk between the host and its gut microbiota. This can provide insights 
into the biochemical influence of the gut microbiome on gut, liver and brain 
metabolism and functioning.
1.6 .4  B id irection al G ut-B rain  A xis
The gut-brain axis is also interchangeably referred to as the brain-gut 
axis depending on which perspective it is investigated. The ability of gut 
microbiota to communicate with the brain and in modulating behaviour 
is an exciting concept in health and disease. Evidence is accumulating to 
indicate that the gut microbiota may be involved in neural development, 
plasticity and function, both peripherally in the enteric nervous system 
and centrally in the brain. It is now well established that the brain and 
gut are involved in a constant bidirectional communication and that this 
bidirectional signaling between the GI tract and the brain is regulated at 
the neural, hormonal and immunological levels (Cryan &: O’Mahony, 2011; 
Grenham et al, 2011).
The general scaffolding of the gut-brain axis includes the CNS, neuroen­
docrine and neuroimmune system, the sympathetic and parasympathetic 
arms of the autonomic nervous system (ANS), the enteric nervous system 
(ENS) and the GI microbiota itself (Gryan & O’Mahony, 2011). These 
components interact and form a complex network with afferent fibers pro­
jecting to CNS structures and efferent projections to the smooth muscle 
(see Collins et a l (2012)). Through this network, signals from the brain 
can influence motor, sensory, and secretory modalities of the GI tract, and 
conversely, the visceral messages from the gut can influence brain function.
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Mayer (2011) has reviewed detailed information on the integration and 
functioning of various axis components. A number of mechanisms have been 
postulated through which the gut microbiota could influence the ENS and 
CNS signaling, through neural and humoral, as well as through direct and 
indirect modes of action (Forsythe et al, 2010). Figure 1.2 illustrates the 
main mechanisms and pathways.
1.6.5 G u t-M icrob iota  and H P A  A xis
The principal neuroendocrine pathway is the HPA axis and as explained in 
Section 1.5.1, the activation of this system takes place in response to a variety 
of physical and psychological stressors. Sudo et al (2004) have provided 
some insight into the role of intestinal microbiota in the development of the 
HPA axis. They showed that in GF mice, mild stress induced an exaggerated 
release of AGTH, when compared with SPF controls. Furthermore, they have 
demonstrated that the stress response in GF mice is partially reversed by 
recolonisation with the faecal matter from SPF animals and fully reversed by 
mono-association with Bifidobacterium infantis in a time-dependent manner 
(Sudo et al, 2004). As a result, it was shown that the microbial content of GI 
tract is essential for the development of stress-responses and that there is a 
critical window in early life where colonisation must occur to ensure normal 
development of the HPA axis. In addition, Sudo and coworkers reported 
a decrease in BDNF, a key neurotrophin involved in neuronal growth and 
survival, as well as a decreased expression of the A-methyl-D-aspartate 
(NMDA) receptor subunit 2a in the cortex and hippocampus of GF animals 
compared with SPF controls (Sudo et al, 2004).
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Studies that have used maternal separation models in rats have shown that 
neonatal stress leads to long-term changes in the composition and diversity 
of the gut microbiota (Garcia-Rodenas et al, 2006; O’Mahony et al, 2009), 
which may contribute to the long-term alterations in stress reactivity and 
stress-related behaviour observed in these animals (see Section 1.5.1). In 
support for this, treatment with probiotics, Lactobacillus spp. during the 
early stress period has been shown to normalise basal corticosterone levels 
that are elevated following maternal separation (Gareau et al, 2007).
Stress is known to increase intestinal permeability that subsequently give 
bacteria the opportunity to translocate the intestinal mucosa and directly 
access both immune and neuronal cells of the ENS (Gareau et aL, 2008; 
Teitelbaum et al, 2008). As a result, this may be a potential pathway 
in which the microbiota can influence the CNS via the immune system 
and ENS in the presence of stress. Interestingly, a recent study has shown 
that pretreatment of rats with the probiotic Lacotbacillus farciminis causes 
reduction in intestinal permeability that typically results from restraint 
stress and prevents the associated HPA hyper-reactivity (Ait-Belgnaoui 
et al, 2012).
In addition to HPA axis function modulation, gut microbiota can influence 
CNS function directly through neuronal activation of stress circuits. To this 
end, investigations utilising a food-borne pathogen, Citrobacter rodentium 
and Campylobacter jejuni, have shown that bacteria in the GI tract can 
activate stress circuits through activation of the vagal pathway (Goehler 
et al, 2008; Lyte et al, 2006). In addition, during infection with C. jejuni, 
induction of the neuronal activation marker cFOS has been shown to be 
evident in vagal sensory neurons in the absence of systemic immune responses
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(Goehler et al, 2008). Furthermore, following oral administration of C. 
rodentium, central brain regions also show cFOS activation (Lyte et al, 
2006). Together these results provide evidence for a bottom-up signaling 
between both pathogenic and commensal bacteria in the GI tract and neurons 
in central stress networks.
1.6 .6  G ut-B rain  A xis and B ehaviour
There is considerable evidence from rodent behavioural studies to suggest 
that animals with altered commensal gut bacteria, treated with either pro­
biotics, antibiotics, conventionally housed, infected or GF, have altered 
behavioural responses when the gut micriobiota status is manipulated. Ta­
ble 1.6 illustrates behavioural findings generated by experiments in which the 
microbiota profiles have been changed. It should be noted that these studies 
have illuminated an influence of species strain as well as gender effects on 
behaviour.
As can be seen below in Table 1.6, the use of probiotics in animals has been 
shown to have a positive impact on lowering anxiety- and depressive-like 
behaviours. Additionally, there is some evidence that show similar effects 
of probiotics on mood states in pre-clinical human studies. For example, 
Messaoudi et al (2011b) have shown that when healthy subjects are given a 
mixture of probiotics containing Lactobacillus helveticus and Bifibacterium 
longum versus a placebo for 30 days, the probiotic treated groups demonstrate 
significantly less psychological distress in a questionnaire designed to assess 
mood states (Messaoudi et al, 2011b). Thus, these findings demonstrate 
that intestinal bacteria could be used as potential therapeutic targets in
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mood and anxiety disorders due to their consistently clear effect on the 
modulation of emotional behaviour.
1 .6 .7  G u t-B rain  A xis and N eu roch em istry
There is ample evidence to show that a number of neurotransmitter sys­
tems are influenced via the gut-brain axis. G ABA is the main inhibitory 
neurotransmitter in the CNS and the dysfunction of GABAergic signaling 
has been linked to anxiety and depression (see Cryan & Kaupmann (2005)). 
It has been determined that Lactobacillus spp. and Bifidobacterium spp. 
are capable of metabolising glutamate to produce G ABA in culture (Bar­
rett et al, 2012b; Higuchi et al, 1997). Moreover, it has also been shown 
that provision of the probiotic, L. rhamnosus to mice, causes reductions in 
anxiety- and depressive-like phenotypes, as well as inducing region-specific 
alterations in GABA(Bib) mRNA in the brain, with increases being observed 
in cortical regions (cingulate and prelimbic) and concomitant reductions in 
the expression in the hippocampus, amygdala and LC, when compared with 
control fed mice (Bravo et al, 2011). These authors identified the vagus 
nerve as a major modulatory communication pathway between gut bacteria 
and the brain since these neurochemical and behavioural effects were not 
found in vagotomised mice (Bravo et al, 2011). However, vagus-independent 
mechanisms also play a role, since vagotomy did not inhibit the brain and 
behavioural perturbations induced by antimicrobial treatment (Bercik et al, 
2011a). As such, the mechanisms through which the vagal afferents become 
activated by gut microbiota currently remain unclear.
Tryptophan is an essential amino acid and an important precursor of many 
biologically active agents such as the neurotransmitter, serotonin (Ruddick
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et al, 2006). Clarke et al (2013) have reported increased hippocampal 
concentration of 5-HT and 5-hydroxyindoleacetic acid, its main metabolite, 
in male GF mice compared with control mice (Clarke et al, 2013). In 
addition, these authors have also reported increased levels of tryptophan in 
the plasma of male GF mice suggesting humoral routes in which the gut 
microbiota can influence serotonergic neurotransmission. In many brain and 
GI disorders, the dysregulation of the kynurenine arm of the tryptophan 
metabolic pathway, which accounts for approximately 90% of the available 
peripheral tryptophan in mammals, has been reported (Fitzgerald et al, 
2008). Inflammatory mediators and corticosteroids have been shown to 
induce activity of the enzymes involved in the kynurenine metabolic pathway 
(Ruddick et al, 2006). In addition, there is some evidence to suggest that 
some Bifidobacterium strains can alter concentrations of kynurenine with 
bifidobacteria having antidepressant effects (Desbonnet et al, 2008). These 
reports show an association between gut microbiota and serotonin signaling, 
but, more studies are needed to pinpoint how these changes might influence 
neuronal function.
BDNF is involved in many processes including neuroplasticity during 
development and in adulthood (see Greenberg et a l (2009)). Changes in 
hippocampal BDNF mRNA and protein have been shown in relation to 
the gut-brain axis. In infection models leading to gut bacteria alterations, 
reduced expression of BDNF as well as increased anxiety-like behaviours 
have been reported (Bercik et al, 2011a). In addition, in GF mice that 
have shown reductions in anxiety-behaviour, changes in BDNF levels in a 
sex- and region-specific manner have been shown. Here, BDNF levels were 
found to be lower in the hippocampus of male GF mice compared with SPF,
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whilst, increased levels were found in the DG of female mice (Neufeld et al, 
2011).
As described above, gut microbiota have several distinct mechanistic ways 
by which they impact bodily homeostasis and regulate emotional behaviour. 
One area of interest that has been gaining increased attention concerns 
the metabolic capability of the gut microbiota and ways in which their 
activity regulates other mammalian metabolic pathways. A large number 
of the metabolites that are formed have been shown to be implicated in 
disease states and mood disorders and can be detected using metabolic 
profiling techniques such as metabonomics. In turn, the data generated 
enable biochemical pathways involved in pathophysiological processes to be 
determined.
1.7 M etabonom ics
Over the past decade there has been a surge in the development of various 
‘oinics approaches. The suffix ‘omics relates to the study of a complete set 
of biological molecules and includes fields such as genomics, transcriptomics, 
proteomics and metabonomics. Metabonomics involves the “comprehensive 
and simultaneous systematic profiling of multiple metabolite concentrations 
and their cellular and systemic fluctuations in response to drugs, lifestyle, 
environment, stimuli and genetic modulation, in order to characterise the 
beneficial and adverse effects of such interactions” (Nicholson et al, 1999). 
A parallel approach, mainly from plant sciences and in vitro systems has 
been coined metabolomics, with methods used in both these systems being 
highly convergent (Fiehn, 2002).
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Metabonomics-based studies have been implemented to study many dis­
eases, including neuropsychiatrie disorders (Holmes et al, 2006; Quinones & 
Kaddurah-Daouk, 2009; Kaddurah-Daouk &: Krishnan, 2009) but also factors 
such as gut microbiota metabolism (Nicholson et al, 2005). Metabonomics 
studies generally use biofluids, cells and tissue extracts, which are often easily 
available. Urine, plasma and faecal samples are obtained nbn-invasively and 
require simple sample preparation (Beckonert et al, 2007). However, there 
are a variety of other fluids that can also be studied, including cerebrospinal 
fluids, digestive fluids, amniotic fluid and lung aspirates as well as tissue 
samples from liver and brain (Lindon et al, 2000).
The main analytical methods used for metabolic profiling are based on 
Nuclear Magnetic Resonance (NMR) Spectroscopy and Mass Spectroscopy 
(MS). W ith the latter requiring pre-separation of metabolic components 
with the use of Gas Chromatography (GC), Liquid Chromatography (LC) or 
Ultra High-Pressure LC (UPLC). High-resolution ^H NMR-based profiling 
allows identification and quantification of a large number of metabolites 
across many classes and gives a good overview of the metabolome (collection 
of metabolites) of a given organism. The spectra obtained through NMR 
spectroscopy contain thousands of signals that are related structurally to 
hundreds of metabolites. In order to analyse and interpret these metabolic 
profiles, mathematical modelling techniques are applied to reduce complexity 
thus enabling easier interpretation and classification of the spectral data and 
providing insight into the pathological processes that occur. The methods 
used for acquiring, processing and analysing metabonomic data will be 
discussed in Chapter 5.
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1.7.1 N euro disorders
The accurate diagnosis and identification of individuals at risk of developing 
CNS disorders remains a challenge. Such disorders arise from a dynamic and 
complex dysregulation of gene networks, proteins and metabolic alterations 
that cause perturbations of the ‘system’. Disease specific molecular finger­
prints can be gained through ‘omics data which would help map disturbed 
networks implicated in disease pathogenesis and lead to identification of 
disease biomarkers and biomarkers of response. Indeed biochemical perturba­
tions in diseases such as schizophrenia, Parkinson’s disease, major depressive 
disorders and autistic spectrum disorders (ASD) have now been identified 
(Holmes et al, 2006; Quinones Sz Kaddurah-Daouk, 2009; Kaddurah-Daouk 
& Krishnan, 2009).
In addition, the consequences of metabolic interactions between the host 
and gut microbiome on the brain have been shown and the gut-brain axis 
interplay has been demonstrated to be a critical factor in many physiologi­
cal and pathophysiological processes. One example to show the advantage 
in use of metabonomics in illustrating changes that occur both in mam­
malian metabolic pathways, as well as those involved via the gut-microbiota 
metabolism is provided by studies investigating ASD. For instance, it has 
been shown that tryptophan metabolism is decreased in patients suffering 
from ASD (Boccuto et al, 2013). However, this is not the only pathway 
that has been reported to be involved in its aetiology. Ming et a l (2012) 
have reported defective amino acid metabolism, increased oxidative stress 
and altered gut microbial metabolism in ASD (Ming et al, 2012). More­
over, studies have shown that a high percentage of children diagnosed with 
ASD exhibit marked gastrointestinal dysfunctions thus highlighting the
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role for dietary intake and gut microbial metabolic activity in aetiology of 
neurodevelopmental disorders (Parracho et al, 2005).
It is evident that studies utilising metabonomic-based techniques are 
continuing to significantly add to the understanding of disease states by 
identifying metabolic signatures that embody the biochemical changes that 
occur in the organism’s response to environmental challenges. Use of such 
techniques will enable us to understand the role of early life factors and 
their influence on neurobiological development. As a result, such data will 
highlight the involvement of biochemical functions and interactions that take 
place during the critical phases in early postnatal stages of life.
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1.8 A im s and H ypotheses
The evidence introduced in this chapter suggests that early life environmental 
factors can have an impact on host physiology and function. Recently, an 
important role for the gut-brain communication in brain and behavioural 
development has been shown. However, the complex mechanisms by which 
early life factors interact with the host to impact the developing biological 
system remain to be fully characterised. This multidisciplinary research 
project aims to assess the impact of an absence of weaning up to PND25 
on multiple tiers of biological organisation. These will include: behavioural, 
neurochemical, gut microbial and metabonomic studies. The objective of 
this project is to determine mechanisms by which a weaning diet (duration 
of maternal milk ingestion) may interact through the gut-brain axis to alter 
behaviour and functioning.
• C h ap te r 2: T he Effect of W eaning on B ehaviour
o Aims: To investigate the effect of weaning rats on PND21 compared 
with not weaning until PND25 on the development of ‘anxiety-like’, 
‘depressive-like’, and social behaviours using the elevated plus maze, 
forced-swim test and three-chambered box, respectively, 
o H ypothesis: Non-weaned rats will exhibit deficits in emotional be­
haviours due to the lack of development of a population of DOPr in the 
brain and the known involvement of DOPrs in regulating behaviour.
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C h ap te r 3: T he Effect of W eaning and  S tress on C en tra l 
O xytocin  R ecep to r (O TR ) B inding Levels
o Aims: To investigate the effect of weaning rats on PND21 compared 
with not weaning until PND25 on the development of central OTR 
binding levels using quantitative receptor autoradiography in the brains 
from the weaned and non-weaned animals . Furthermore, to assess the 
impact of weaning and its modulation by forced-swim stress exposure 
upon central OTR binding levels in the brains of swim-stressed and 
unstressed weaned and non-weaned animals.
o H ypothesis: Due to the documented effect of early life conditions 
such as mother-pup interaction and duration, it is hypothesised that 
weaning duration will have an impact on the ontogeny of central 
OTRs. Due to considerable evidence implicating the oxcytocinergic 
system in mood disorders, it is hypothesised that non-weaned animals 
that display emotional deficits will exhibit down-regulation of OTRs. 
Moreover, due to the clear effect of stress exposure upon oxytocin stress 
response system, it is hypothesised that in those animals exposed to 
forced-swim stress, a marked OTR down-regulation will be observed.
C h ap te r 4: T he Effect of W eaning and  S tress on In tes tin a l 
M icrob io ta
o Aims: To investigate the effect of weaning on PND21 compared 
with no weaning until PND25 and its modulation by forced-swim test 
exposure on the composition of abundant gut microbial populations 
belonging to the Bifidobacterium spp., Lactobacillus-Enterococcus and 
Clostridium histolyticum groups by fluorescence in situ hybridisation.
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o H ypothesis: It is hypothesised that non-weaned animals that con­
sume more milk compared those weaned at an earlier age will exhibit 
increased levels of bifidogenic and lactic acid bacteria due to the in­
creased abundance of milk oligosaccharides. Conversely, due to the 
known positive impact of these bacterial groups on behavioural regula­
tion it is hypothsised that non-weaned animals that display emotional 
deficits will harbour decreased levels when compared with those weaned. 
Moreover, due to well-documented effect of stress on the levels of po­
tentially pathogenic bacterial groups such as Clostridium histolyticum, 
it is hypothesised that stress-exposed animals will have increased levels 
of these bacterial groups which may be modulated by separate weaning 
conditions.
• C h ap te r 5: M etabonom ic A nalysis of Biofiuids A ssociated  
w ith  W eaning and  S tress A lte ra tio n  in R a ts
o Aims: To investigate the effect of weaning on PND21 compared with 
no weaning until PND25 and its modulation under different behavioural 
test conditions, including forced-swim stress exposure on the metabolic 
profiles in urine, faecal and plasma samples using ^H-NMR-based 
metabonomics. Whereby, in addtions to host endogenous mammalian 
metabolites, the contribution of gut microbial cometabolites in these 
biofiuids will be assessed.
o H ypothesis: Metabolic profiling studies are hypothesis-free where 
only known compounds can be profiled. Using pattern recognition and 
multivariate analysis techniques, the metabolic responses to various 
conditions (e.g. weaning or exposure to stress) can be achieved and in 
turn the biochemical networks perturbed can be detected.
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2.1 Introduction
The stimulus of weaning has been shown to induce behavioural and neuro­
chemical changes in a number of species (See Tables 1.2 to 1.4). In particular, 
a large number of data has demonstrated an important regulatory role of 
weaning on the development of the DOPr system (Kitchen et ah, 1995). 
Specifically, it has been shown that weaning rat pups on PND21, the stan­
dard age of weaning (Cramer et al, 1990), compared with those remaining 
with the dam up to PND25, acts as a stimulus for the activation of a popu­
lation of DOPrs (Muhammad &: Kitchen, 1993). Subsequently, significantly 
higher DOPr binding levels in the frontal-parietal cortex and pontine nuclei 
of PND21-weaned rats have been shown (Kitchen et al, 1995). Weaning- 
induced development of DOPrs can be delayed by continued housing of the 
rat pups with the dam, up to PND40 (Goody & Kitchen, 2001; Muhammad 
& Kitchen, 1993). Goody and Kitchen have shown that the development of 
DOPrs is dependent on the loss of dietary casein rather than stress due to 
maternal separation or loss of suckling (Goody & Kitchen, 2001). Casein
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is a milk protein that can produce peptides such as ^-casomorphins that 
possess opioid activities (Teschemacher et ai, 1997).
There is literature to show a beneficial effect of casein and gluten free diets 
in children who are affected by autism. Reports include surveys (Klaveness 
& Bigam, 2002), case studies (Knivsberg et al, 2002) and studies on groups 
of children suffering from autism (Sun & Cade, 1999; Reichelt et al, 1980), 
which all point to significant behavioural benefits associated with dietary 
casein-free interventions. Autistic syndromes are characterised by a combi­
nation of impaired social behaviours (Diagnostic and Statistical Manual of 
Mental Disorders, 2000). The opioid excess theory (Panksepp, 1979; White- 
ley & Shattock, 2002) of autism supports the contribution of milk-derived 
/?-casomorphins in autism where an increase in the level of these urinary pep­
tides have also been reported (Sun & Cade, 1999; Whiteley &: Shattock, 2002; 
Alcorn et al, 2004; Reichelt et al, 1990). In addition, ^-casomorphins have 
been implicated in a number of other emotional and psychomotor deficits 
(Sun & Cade, 1999; Kost et al, 2009; Dubynin et al, 2008, 2000). These 
findings suggest that /9-casomorphins or related milk-derived compounds 
may be involved in mediating mood and social behaviours.
The DOPr system has been shown to be involved in the regulation of 
emotional and social behaviour. Genetic deletion of the DOPr has been 
shown to lead to robust increases in anxiety and depressive-like behaviours 
(Filliol et al, 2000). Furthermore, mice lacking the opioid peptide precursor, 
proenkephalin, that produce peptides that act in part on DOPrs, have been 
shown to exhibit anxiogenic and aggressive behaviours (Konig et al, 1996). 
Moreover, the anxiolytic and antidepressant effects of DOPr agonists have 
also been well documented, highlighting a clear protective role of DOPr on
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mood regulation (see Lutz &: Kieffer (2013)). In addition, manipulation of 
weaning time has been shown to influence the expression of social behaviour 
via a DOPr mechanism in a sex-dependent manner (Terranova & Laviola, 
2001). A delayed weaning time has been shown to be associated with reduced 
sensitivity to a DOPr agonist, which suggests a delayed maturation of this 
system (Terranova & Laviola, 2001). Since the shift in sensitivity to the drug 
can be used as an index of the functional maturation of the system, these 
data suggest that the weaning process markedly affects the organisation of 
the DOPr system. Such data confirm and extend reports by Kitchen and 
colleagues that showed weaning to act as a stimulus for maturation of the 
DOPr system in the brain (Muhammad & Kitchen, 1993; Kitchen et al, 
1995).
Prolonged milk ingestion has been shown to retard the development of 
DOPrs in the brain and can be delayed by continual milk casein exposure 
(Goody & Kitchen, 2001). Moreover, there is clear evidence for a role of 
DOPrs in mood regulation (Filliol et al, 2000). As a result the aims and 
hypotheses of the studies within this chapter are:
• Aims; To investigate the effect of weaning rats on PND21 compared 
with not weaning until PND25 on the development of ‘anxiety-like’, 
‘depressive-like’, and social behaviours using the elevated plus maze, 
forced-swim test and three-chambered box, respectively.
• H ypothesis: Non-weaned rats will exhibit deficits in emotional be­
haviours due to the lack of development of a population of DOPr in 
the brain and the known involvement of DOPrs in regulating behaviour.
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2.2 M ethods
2.2.1 A nim als
Male, W istar albino rats were purchased from Charles River UK Limited, 
Kent, and used in all experiments. Eight groups of animals each containing 
six male pups plus their dam arrived at the unit when they were 7 days old. 
The animals were maintained in litters of 6 male pups with their mother at 
all times. The standard day of weaning in laboratory rats is on postnatal 
day (PND21), a process where the mother is removed from the cage (Cramer 
et al, 1990). The animals were divided into ‘weaned’ and ‘non-weaned’ 
groups and the pups tail-marked. In the weaned groups, the mother was 
taken out of the cage on PND21, whilst in the non-weaned groups the mother 
was kept in the cage until PND25 and hence the day of testing. Both weaned 
and non-weaned animals were housed on a 12 hour light:dark cycle (lights 
on 7:00 A.M. off 7:00 P.M.), at a constant temperature of 22°C±1°C and 
humidity of 45-55% and allowed free access to rat chow and water.
Groups of weaned (n =  6) and non-weaned (n =  6) animals were then 
subdivided into behavioural experimental groups to be tested for ‘anxiety­
like’, ‘depressive-like’ and social behaviours. A separate group of weaned 
and non-weaned animals (each n — 6) were not tested for any behaviours. 
All behavioural tests took place between 8:00 A.M. and 16:00 P.M. After 
behavioural testing the animals were individually housed in metabolic cages 
for 24 hours to enable collection of urine and faecal samples and then killed 
by cervical dislocation after acute exposure to GO2. Approximately 2 ml of 
trunk blood was collected into plastic lithium-heparin coated anticoagulant 
tubes. The samples were then shaken by inversing and placed on ice during
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the collection procedure. All samples were centrifuged using a Beckman 
Coulter Allegra X-15R centrifuge at 1600 g for 30 minutes for collection of 
plasma (Beckonert et al, 2007). The supernatant was then transferred into 
2 ml Eppendorf tubes, labelled and secured using Parafilm and stored at 
—80°C until metabonomics studies (see Chapter 5).
Intact brains were dissected and rapidly frozen in isopentane at —20°C 
for 30 seconds and then stored at —80°C for quantitative receptor autoradio­
graphic experiments (see Chapter 3). The carcasses were transferred into a 
fume hood and six regions of the intestine (stomach, duodenum, jejunum, 
ileum, ceacum and colon) were dissected. Contents from these regions were 
weighed (~30-200 mg) into sterile 2 ml Eppendorf tubes and kept over ice 
and then stored in —20°C for use with fluorescence in situ hybridisation 
experiments (see Chapter 4). All experiments were conducted in accordance 
with the protocols approved by the Home Office, UK (Animal Scientific 
Procedures Act, 1986) and the local University ethics.
2.2 .2  B ehavioural T ests
2.2.2.1 Elevated Plus Maze
The EPM was used to measure anxiety-like behaviour in weaned and non- 
weaned rats when animals were 25 days old (see Figure 2.1). The maze 
(Linton Instruments, UK) was made of black polypropylene and consisted of 
four equal-sized lanes (50 cm length x 10 cm width) in a shape of a plus sign 
and was elevated off the ground by 40 cm (dimensions adapted by University 
of Surrey Technical Workshop to accommodate for the size of 25 day old rat 
pups).
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The EPM tests have previously been validated for use at the University’s 
Behavioural Pharmacology Unit. The EPM consists of two arms enclosed by 
walls with a height of 40 cm (closed arms), and two arms with no walls (open 
arms) (Handley & McBlane, 1993). The maze was placed on a black non- 
reflective cotton sheet on the ground. Test room lighting was adjusted using 
4 indirect desk lamps (with 40W general purpose light bulbs) positioned on 
opposite corners of the maze. The illumination levels were adjusted from 
normal room lighting (~350 lux) to a dimmer setting of ~40 lux.
The two groups of animals for the EPM (weaned and non-weaned) were 
brought into the testing room in their home cage and left undisturbed to 
acclimatise for 1 hour prior to the initiation of experiments. Following the 
tests, the animals were returned to their home cage and after each test 
animal, the maze was cleaned with dilute non-odorous detergent and dried 
using paper towels. At the end of all EPM tests the rats were individually 
housed in metabolic cages for 24 hours for the collection of faecal and urine 
samples for metabonomics studies (see Chapter 5).
Figure 2.1: T he EPM apparatus show ing th e  open and closed arms joined to geth er  
at the centre zone. At the beginning o f the 6-m inute te st the animal was placed in the  
centre arena facing one o f  the tw o open arms and allowed to  explore.
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For behavioural measurements each rat was placed in the centre of the 
EPM, facing the open arm, with each test lasting 6 minutes. Sessions were 
recorded using a digital monochrome CCD camera coupled to a Picolo® 
Frame Grabber and connected to a Dazzle DVC 100 real-time video recording 
software. Both the video recording software and the camera were connected 
to a Viglen Incepta II desktop computer equipped with a Noldus soft­
ware (EthoVision Version 3.0, Noldus Information Technology, Wageningen, 
Netherlands) for automated data acquisition. The software allowed the mea­
surement of total open, closed and centre zones time as well as the distance 
moved (in seconds) by track tracing the displacement of the rat in a defined 
area. Images of these displacements were acquired 5 times per second. Three 
independent observers blind to the identification of treatment groups also 
carried out manual open, closed, and centre arm time measurements from 
the video data. In addition, the observers also scored the number of head 
dips as well as number of arm entries from the animal.
Anxiolytic behaviour was defined as the amount of time each rat spent 
in the open arms. An entry was counted when all four paws moved into 
the open arms. This method is preferred as it reduces false-positive results 
such as stretch attend postures (rat stretching forward without moving its 
hindlimbs and hindpaws) and head dipping (leaning over the edge of the 
arm). The means from the data obtained from automated and manual 
behavioural scores were analysed separately (see Section 2.2.3).
2 .2 .2 .2  F orced  S w im  T est
The EST was used to assess depressive-like behaviours as described by Cryan 
et al. (2005), originally adapted from Porsolt et a l (1977). On the day of
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testing the animals belonging to the FST group were brought into the testing 
room in their home-cages and allowed to acclimatise for 1 hour prior to the 
initiation of experiments.
The rats were placed in a 5-litre glass beaker (Fisher Scientific, UK) with 
the dimensions of 170 mm diameter and 270 mm height. The beakers were 
filled to a depth of 165 mm with tap water (23°C±1°C). The depth was 
chosen at this level so that the rats were unable to escape and their hind 
limbs or tails could not reach the bottom of the beakers. Three beakers 
were set up for each trial and the beakers were separated using black plastic 
sheets to prevent visual contact between the test rats (see Figure 2.2). The 
apparatus were cleaned after each test with odour-free detergent and dried. 
This process was carried out in a separate room to minimise noise disturbance 
to the other animals.
Figure 2.2: T h e FST  apparatus. T h e  rat pups were individually placed into each  
tank for a ‘p re-test’ sw im  session  w ith a duration o f 15 m inutes to  reach a s ta te  o f  
‘learned help lessness', follow ed 24 hours later by a ‘t e s t ’ session  lasting 6 m inutes in 
which immobility, sw im m ing, clim bing and diving behaviours were quantified.
The rats were exposed to a ‘pre-test’ swimming session lasting 15 minutes 
followed 24 hours later by a test session lasting 6 minutes. During the first 
day (PND25), the swim session consisted of 15 minutes, when the rats would 
have experienced ‘learned helplessness or behavioural despair’. On the second
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day, the rats were re-exposed to a 6-minute swim session and following an 
initial period of struggling, the rats exhibited a floating movement pattern 
known as ‘immobility’. The immobility time is believed to demonstrate 
‘learned helplessness’ or ‘depressive-like’ behaviour. The pre-test session has 
been shown repeatedly to facilitate the development of immobility during the 
test session and to increase the sensitivity for detecting behavioural effects 
(Lucki, 1997). Antidepressants reduce the duration of immobility as well as 
the latency to the first period of immobility and are both key predictors of 
antidepressant activity.
Both swim sessions were conducted under low illumination levels as de­
scribed above (Section 2.2.2.1) for EPM tests (~40 lux). Following either 
pre-test or test sessions, the rats were dried with paper towels and placed 
in a warm (30°C±1), fanned, recovery chamber for 5 minutes or until ade­
quately dried and then returned to their home-cages. At the end of all of the 
6-minute swim sessions, the rats were individually housed in metabolic cages 
to collect faecal and urine samples for metabonomics (Chapter 5).
The camera was set-up as described for the EPM tests and the same testing 
room was used. Real-time video recordings of each session were obtained 
for behavioural analysis by three independent observers. The immobility 
time, latency to the first period of immobility, swimming, climbing and 
diving behaviours were quantified. The minimal duration of an episode of 
immobility was set at 2 seconds. A rat was judged immobile when it stopped 
all active behaviours such as struggling, swimming, climbing, diving, and 
remained afloat, making only the movements necessary to keep its head 
above the water.
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The following behavioural measurements were scored by the observers 
blind to the identity of animals: 1) Floating: when the rat only made 
the needed movements to keep its head above the water. 2) Swimming: 
smooth movements around the cylinder with all four paws immersed. 3) 
Climbing/Struggling: strong up-ward movements with the four paws whereby 
the water surface was vigorously broken. 4) Diving: when the whole body of 
the rat, including the head, was fully submersed. Mean scores from manual 
results were analysed separately (see Section 2.2.3).
2.2.2.2.1 Test Validation
In order to validate the use, reliability and predictive validity of the FST, 
the tricyclic antidepressant, desipramine was used as described by Armario 
et al. (1988). Desipramine is a noradrenaline re-uptake inhibitor and has 
previously been shown to cause a significant reduction in immobility in both 
adult and juvenile rats at a dose of 15 mg/kg and was therefore used as 
described below in the present study (Armario et al, 1988; Deupree et al, 
2007; Connor et al, 1997, 1998).
2.2.2.2.1.1 M ethods
Three Male, Wistar albino rats were purchased from Charles River, UK and 
delivered when 19 days of age and were individually housed and maintained 
on a 12 hour light:dark cycle (lights on 7:00AM, off 7:00PM), at a constant 
temperature of 22°C±1 and humidity of 45-55% and allowed free access to 
rat chow and water. The animals were left to acclimatise for a period of 
7 days to the home cage environment and weighed before the FST being 
carried out when the animals were 25-days old.
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Desipramine hydrochloride (50 mg) was purchased from Tocris Cookson 
Ltd, UK. A stock solution of 15 mg/kg of desipramine HCl was prepared by 
dissolving the drug in saline (Phoenix Pharmaceuticals Ltd, UK) and admin­
istered at three different time-points (Connor et al, 1998) intraperitoneally 
(IP) ; the saline alone was administered as a vehicle. The rats were randomly 
assigned to one control and two desipramine-treated groups.
The FST was carried out as described in Section 2.2.2.2 and administration 
times according to Connor et al (1998). The animals received their first 
vehicle/desipramine injections 15 minutes after the first FST swim exposure 
(‘pre-test’ session). The second and third injections were administered 5 hour 
and 1 hour prior to the second FST exposure 24 hours later (‘test’ session). 
The results from the validation experiment are shown in Figure 2.3 below. An 
unpaired two-tailed t-test was carried out to compare saline and desipramine 
treated groups. A p value of less that 0.05 was accepted as significant. A 
clear reduction in immobility time was observed in the ‘test’ session following 
desipramine administration when compared to the saline treated animal. 
From the results, it was concluded that the FST apparatus used under 
low illumination levels is a reliable method for assessing antidepressant 
activity.
2.2.2.3 Three-Chambered Sociability Box
The three-chambered box (3CB) is a novel test utilised for the assessment 
of sociability and preference for social novelty in rodents (Nadler et al, 
2004). The apparatus consists of a matte-black plastic box with partitions 
separating the maze into three chambers (see Figure 2.4). The partitions 
have openings that enable the animal to freely move from one chamber to
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Figure 2.3: FST  validation using desipram ine. T he FST w as validated for use in th e  
experim ents using th e  antidepressant desipramine. T he control animal (n =  1) received  
three IP injections o f  saline, whereas the desipram ine treated anim als (n =  2) received  
1 5 m g /k g  IP in jections after exposure to  ‘p re-test’ sw im  session . Im m obility t im es in 
seconds were obtained from m easures taken by three observers from th e  (A) 'p re-test' 
and (B) te s t  sw im  sessions. A clear reduction in th e  im m obility tim e w as observed for 
th e  anim als th a t received desipram ine after pre-test exposure. Error bars sh ow  m ean  
( ±  SE M ). t-test: p <  0 .05 .
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another. Each of the two side chambers contained perforated cylinders with 
heavy lids (developed by the University of Surrey, Technical Workshop). 
This was done in order to prevent climbing onto by the test rats. The 
perforated cylinders were 200 mm in height and 100 mm in diameter. All the 
components were washed with dilute, odour-free detergent and dried at the 
end of each test session to minimise scent carryover. The three-chambered 
apparatus was placed on the ground and identical lighting conditions as 
previously described for EPM and FST (~ 40 lux) experiments were used. 
The camera was positioned above the box so that all three chambers were 
clearly visible. The same software and recording equipment as previously 
used for the EPM were used to track the movement of each test animal. 
After each session the animal was placed back into their home-cage and 
housed individually in metabolic cages for collection of urine and faecal 
samples for metabonomics (see Chapter 5).
Figure 2.4: T he 3CB apparatus. T he te st rat pup can freely m ove between all three  
cham bers and has th e  choice  betw een staying in th e  cen tre cham ber, th e  sociab ility  
cham ber containing an unfamiliar rat ( "stranger 1” ) or in th e  o p p osite  preference for 
social novelty cham ber (containing a novel object or a newly introduced rat ( “stranger  
2” ). T he stranger rats were placed inside th e  perforated ca g es during testin g . T h e  
position o f the strangers alternated between consecutive  tests.
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The 3CB test procedure was divided into three stages:
1. H ab itua tion : the test rat was placed in the centre chamber and 
allowed to explore all three chambers for 10 minutes.
2. Sociability: after the habituation phase, an unfamiliar rat (of the 
same age, sex and species), known as ‘stranger 1’ was introduced to the 
perforated cage 1 in one side of the chamber. An identical empty cage 
was placed in the opposite chamber. To exclude any environmental 
interference during the sociability tests, the location of ‘stranger V 
consecutively alternated between the left and right chambers. The 
subject rat was then freely allowed to explore all three chambers over 
the second 10-minute session. The perforations on the cages only 
allowed nose-nose contact between the animals, but prevented the 
initiation of any social contact by the stranger rat and thus initiation 
of social behaviour was only limited to the test subjects. This allowed 
measurement of social interaction (sociability) of the test subject. 
Measures were taken of the time spent in each chamber containing 
either ‘stranger 1’ or the chamber containing an empty cage (novel 
object) on the opposite side.
3. P reference for social novelty: at the end of the 10-minute socia­
bility test, each rat was further tested in a third 10-minute session in 
order to quantitate preference of the test subject to socially interact 
with a new stranger (‘stranger 2’). The original ‘stranger 1’ remained 
in its cage, whilst a new unfamiliar rat (same age, sex and species) 
was placed in the opposite perforated cage that had previously been 
empty. Identical measures as shown for step 2 were scored.
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The ‘stranger’ rats used in the experiment were habituated to the perfo­
rated cages twice daily for 10 minutes prior to the start of the experiments. 
These rats originated from a different home-cage, were unrelated and had 
never been in physical contact with the subject rats.
2.2 .3  D a ta  A nalysis
The behavioural data for the FST and EPM were analysed using an indepen­
dent samples unpaired, two-tailed t-test comparing weaned and non-weaned 
groups using GraphPad Prism 4. All data were expressed as means standard 
error of the mean (± SEM), n = 6 per group. A p value of less that 0.05 
was accepted as significantly different.
For the sociability tests, a two-way repeated measures analysis of variance 
(ANOVA) with factors ‘chamber’ versus ‘treatment group’ (weaned or non- 
weaned) was performed using GraphPad Prism 4. All data were expressed as 
means ±  SEM, n =  6 per group. A p value of less than 0.05 was accepted as 
significantly different. For the analysis of self-grooming behaviour, number 
of nose-nose sniffs and locomotor activity a two-way ANOVA was utilised. 
Where relevant, details of additional statistical tests used have been provided 
in the corresponding results section.
2.3 R esu lts
2.3.1 A nxiety -like  B ehaviour
The EPM was used to assess anxiety-like behaviour in weaned and non- 
weaned animals. Results showed that there were no significant differences in
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the results obtained through both manual and automated methods between 
the two animal groups in the time spent in the open arm, closed arm or in 
the centre zone (Figure 2.5). In addition, assessment of locomotor activity 
revealed no significant differences between the two groups in the measures 
obtained from the total distance moved (see Figure 2.6). Furthermore, there 
was no significant difference in the frequency of entries into each of the arms 
as well as the number of head dips between the weaned and non-weaned 
animals (Figure 2.7).
2.3 .2  D epressive-like B ehaviour
The FST was used to assess depressive-like phenotypes in weaned and non- 
weaned rats. The immobility time, latency to the first period of immobility, 
swimming and climbing behaviours were quantified in both the ‘pre-test’ 
(Figure 2.8) and ‘test’ (Figure 2.9) swim sessions. In addition the total num­
ber of dives from all the animals in both the pre-test and test sessions were 
scored. The quantifications from the ‘test’ times were used in the assessment 
of depressive-like behaviour as described by Cryan et al (2005).
Non-weaned rats exhibited increased immobility (p < 0.001; Figure 2.8A), 
decreased latency to the first period of immobility (p < 0.05; Figure 2.8B), 
decreased time spent climbing (p < 0.05; Figure 2.8C) and a decreased time 
spent swimming (p < 0.05; Figure 2.8D) compared with the weaned animals 
during the 15-minute ‘pre-test’ swim session.
Quantification of results from the ‘test’ swim session showed that non- 
weaned rats displayed ‘depressive-like’ phenotypes as shown by a marked 
increase in immobility time (p < 0.01; Figure 2.9A) and a decrease in the 
latency to the first period of immobility (p < 0.001; Figure 2.9B). In addition.
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Figure 2.5: T h e e ffect o f  w eaning on anxiety-like behaviour in th e  EPM . Scores are 
m eans ( ±  SEM ) o f six anim als per group and show  tim e spent in th e  open, closed and 
centre zones. T he left panel showing autom ated tracking data obtained and analysed via 
Noldus (E thoV ision) and the right panel show ing th e  m ean scores obtained by manual 
video analysis from three independent observers. There were no significant differences 
in th e  tim e  sp en t in th e  open  arms (A  & B ), in th e  closed  arm s (C  & D ) or in th e  
tim e sp en t in th e  cen tre zones (E  &i F ) betw een th e  w eaned and non-w eaned anim als  
{p >  0 .0 5 ). S tu d en t's t - te s t  com paring w eaned versus non-w eaned.
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Figure 2.6: T h e  e ffect o f  w eaning on locom otor activ ity  in th e  EPM . Scores are 
m eans ( ±  SE M ) o f  six anim als per group and show  th e  tota l d istan ce m oved (in cm )  
by th e  w eaned and non-w eaned anim als during th e  6 -m inute te s t  session . A u tom ated  
tracking data obtained and analysed via Noldus (E thoV ision). There were no significant 
differences in th e  to ta l d istan ce m oved betw een th e  tw o g o  ups {p >  0 .0 5 ). S tu d en t's  
t - te s t  com paring w eaned versus non-weaned.
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Figure 2.7: T he effect o f  w eaning on anxiety-related behaviours in th e  EPM . Scores 
are m eans ( ±  SEM ) o f  six anim als per group and show (A ) th e  total number o f  entries 
into th e  closed and open arms o f  th e  EPM and (B )  th e  num ber o f  head dips betw een  
th e  w eaned and non-w eaned anim als. Manual scores obtained from three independent 
observers. T here were no significant differences in either th e  frequency o f  entry or th e  
num ber o f  head dips betw een th e  tw o goup s (p >  0 .0 5 ) . S tu d en t's  t - te s t  com paring  
w eaned versus non-weaned.
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non-weaned rats spent markedly less time swimming {p < 0.05; Figure 2.9C) 
and climbing (p < 0.01; Figure 2.9D).
Under normal physiological conditions animals exhibit escape-related 
behaviours such as diving and clinically effective antidepressants are known 
to increase such behaviours in rats (Detke et al, 1995; Lino-de Oliveira et al, 
2005). Weaned animals showed frequent diving behaviour (total number of 
dives in pre-test session: 29, test session: 4). In contrast the non-weaned 
animals exhibited a complete absence of diving behaviour.
Results show that non-weaned animals exhibit a marked ‘depressive- 
like’ behaviour when compared to animals weaned at the standard age on 
PND21.
2.3 .3  S ociab ility  and P reference for Social N ovelty
The 3CB was used to assess sociability and preference for social novelty 
in weaned and non-weaned animals. Sociability was defined as increased 
amount of time the subject rat spent in the chamber containing the novel 
rat (‘stranger 1’) compared to the novel object (empty cage), and more time 
sniffing the novel rat than the novel object. Preference for social novelty was 
defined as an increased time spent by the subject rat socially interacting with 
the unfamiliar ‘stranger 2’ compared to the now-familiar ‘stranger 1’.
A two-way repeated measures ANOVA was used with factors ‘treatment’ 
and ‘side’ followed by Sidak’s post hoc test to reveal the differences in social 
measures within the weaned and non-weaned groups. In the sociability phase 
of the test, both weaned and non-weaned animals preferred to spend more 
time socially interacting with ‘stranger 1’ and less time exploring the novel
76
2 The Effect o f Weaning on Behaviour
B
250n
T  200-
150-
800
100-
W e a n e d N o n -w e a n e d W e a n e d N o n -w e a n e d
300-1
5  200-
7=  100-
400-1
300-
W e a n e d N o n -w e a n e d W e a n e d N o n -w e a n e d
Figure 2.8: T h e  e ffect o f  w eaning on F ST  activ ity  in th e  ‘p re-test’ session . During  
th e  15 m inute ‘p re-test’ session  m easures were taken from (A) to ta l im m obility tim e, 
(B) la ten cy  to  th e  first period o f  im m obility, (C) tim e sp en t clim bing and (D) in th e  
t im e sp en t sw im m ing from th e  w eaned and non-w eaned anim als. R esu lts show  m ean  
scores ( ±  SE M ) obtained from  m anual video analysis by three independent observers. 
S tu d e n t’s t - te s t  w as used and a p  va lue o f  less than  0 .0 5  w as accepted  sign ificantly  
different. N on-w eaned anim als sp en t sign ificantly  more tim e  im m obile, less t im e  to  
reach the first period o f  immobility, less tim e clim bing and less tim e sw im m ing com pared  
to  their w eaned counterparts. ***p <  0 .001 , *p <  0 .05 .
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Figure 2.9: T he effect o f  weaning on FST activity in the ‘t e s t ’ session . During th e  6 
m inute ‘te s t ’ session m easures were taken from (A) total im m obility tim e, (B) latency  
to  th e  first period o f  im m obility, (C) tim e sp en t clim bing and (D) in th e  tim e  sp en t  
sw im m ing from  th e  w eaned and non-w eaned anim als. R esu lts show  m ean scores ( ±  
SE M ) obtained from manual video analysis by three independent observers. S tu d en t’s 
t - te s t  w as used and a p  va lue o f  less than  0 .0 5  w as a ccep ted  sign ificantly  different. 
N on-w eaned anim als sp en t significantly  more tim e  im m obile, less tim e  to  reach th e  
first period o f  immobility, less tim e clim bing and less tim e sw im m ing compared to  their 
w eaned counterparts. ***p <  0 .001 .
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object (empty cylinder). This was shown statistically by the significant 
main ‘side’ effect [jP(i,20) =  29.10, p < 0.001], with Sidak’s post hoc analysis 
showing significantly lower time spent in the chamber containing the novel 
object (empty cage) by the weaned (p < 0.001) and non-weaned animals 
(p < 0.05) (Manual scores: Figure 2.10A). The same result was achieved in 
analysing the automated data obtained through the use of tracking software 
(two-way ANOVA, significant main ‘side’ effect: [F(i,20) — 38.85, p < 0.001], 
with Sidak’s post hoc analysis revealing decreased time spent in the chamber 
containing the empty cage by the weaned (p < 0.001) and non-weaned 
(p < 0.01) animals (Automated scores: Figure 2.IOC).
In the preference for social novelty phase of the test, data from the 
average manual scores showed a significant ‘side’ (‘stranger 1’ vs ‘stranger 
2’) main effect [F(i,20) =  15.49, p < 0.001] with Sidak’s post hoc revealing 
weaned animals to spend a significantly decreased time socially interacting 
with the novel conspecific ‘stranger 2’ (p < 0.01, Figure 2.10B), but with 
no statistically significant difference in the preference for social novelty 
measures within the non-weaned groups (p > 0.05, Figure 2.10B). Analysis 
of automated results of preference for social novelty also revealed a significant 
‘side’ main effect [F(i,20) =  11.80, p < 0.001] with Sidak’s post hoc analysis 
revealing the weaned animals to have spent significantly less time with 
‘stranger 2’ compared to the familiar ‘stranger 1’ (p < 0.05, Figure 2.10D), 
but with no change being observed within the non-weaned animals (p > 0.05, 
Figure 2.10D).
In order to determine the impact of weaning time on social behaviour, 
changes in measures of sociability and preference for social novelty between 
the weaned and non-weaned animals were analysed using a repeated measure
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two-way ANOVA. Statistical analysis revealed no significant differences in 
social approach defined as the time spent socially interacting with the novel 
rat ‘stranger 1’ compared to the novel object (empty cage), [‘weaning’ x ‘side’ 
interaction: ^(1,5) =  0.4661, p = 0.53 (manual results) and 5) =  1.146, 
p = 0.33 (EthoVision results)] in the sociability phase of the test between 
the weaned and non-weaned animals (Figure 2.10A and C).
In the preference for social novelty phase of the test, repeated measures 
two-way ANOVA showed no significant ‘weaning’ x ‘side’ interaction effect 
between the weaned and non-weaned animals in the time spent in the chamber 
containing the familiar ‘Stranger 1’ versus the novel conspecific ‘stranger 2’ 
[‘side’ X  ‘weaning’ interaction 5)  =  0.1986, p = 0.67 (manual results); 
- (^1,5) =  0.5270, p = 0.5 (EthoVision results) as shown on Figure 2.10B and 
D).
Other social behaviours such as nose-nose sniffing and self-grooming were 
also manually quantified during the habituation, sociability and preference for 
social novelty phases of the test by the independent observers (Figure 2.11). 
Two-way ANOVA of self grooming (‘test phase’ x ‘weaning’, F(2,3o) =  0.73, 
p = 0.5) and number of nose-nose sniffs (‘side’ x ‘weaning’, F(2,3o) =  0.11, 
p =  0.5) showed no significant differences between the weaned and non- 
weaned animals.
In analysing the frequency of nose-nose sniffs within weaned and non- 
weaned groups, ANOVA revealed a significant ‘stranger’ effect (weaned: 
•^ (2,15) =  5.042, p < 0.05; non-weaned: F(2,i5) =  4.142, p < 0.05; with 
Bonferroni’s post hoc analysis showing increased sniffing counts p < 0.05), 
initiated with the ‘stranger 1’ in sociability phase compared to that of 
preference for novelty phase of the test (Figure 2.1 IB). There was however
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Figure 2.10: T he effect o f  weaning on sociability and preference for social novelty in 
the 3CB. T he left panel shows sociability and the right panel show s preference for social 
novelty. T h e  to p  rows (A and B) illustrate th e  average m ean results ob ta ined  from  
manual video analysis by three different independent observes blind to  th e  groups and 
th e  bottom  row (C and D) show the results obtained via EthoVision. In the sociability  
te sts  (A and C), both weaned and non-weaned anim als displayed sociability, defined as 
sp en d ing  m ore tim e in th e  cham ber conta in ing  ‘stranger 1 ’ com pared to  novel ob ject 
( ‘em pty cage'). A two-way ANOVA for factors ‘w eaning’ x  ‘side’ with Sidak’s post hoc 
analysis w as carried out. In preference for social novelty te st  (C and D), both weaned  
and non-w eaned anim als preferred to  spend more tim e in th e  cham ber conta in ing  th e  
now -fam iliar, ‘stranger 1 ’ rat com pared to  th e  unfamiliar ‘stranger 2 ’ rat (tw o-w ay  
ANOVA with factors ‘w eaning’ x  ‘side’ followed by Sidaks post hoc te s t  (***p <  0.001; 
**p <  0 .01; *p <  0 .0 5 ). In order to  sta tistica lly  analyse th e  d ifference betw een  th e  
w eaned and non-weaned anim als and tim e sp en t in each cham ber, a tw o-w ay repeated  
m easures ANOVA w ith factors ‘trea tm en t’ and ‘s id e ’ w as em ployed. R esu lts revealed  
no significant differences in the tw o com ponents o f  social behaviour occurring between  
weaned and non-weaned animals. All data expressed as mean ±  SEM, n  =  6 per group.
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no differences observed in frequency of nose-nose sniff between the familiar 
‘stranger 1’ versus ‘stranger 2’ in the preference for social novelty phase.
In addition, the locomotor activity was determined via automated mea­
surements obtained through the tracking software of the total distance moved 
(Figure 2.12). Two-way repeated measures ANOVA (‘test phase’ x ‘wean­
ing’) showed a significant ‘test phase’ main effect between the weaned and 
non-weaned groups (F(2,3o) =  12.38, p < 0.001), with Sidaks post hoc analysis 
revealing a significantly decreased distance moved by the weaned animals 
from the habituation (Hab) to the social approach (SA) phase (p < 0.05), 
and from the habituation (Hab) to preference for social novelty (PN) phase 
(p < 0.01). In the non-weaned groups a significantly decreased locomotion 
was observed between from the habituation (Hab) to the preference for 
novelty (PN) stage of the 3CB test (p < 0.05). Further two-way ANOVA 
(‘weaning’ x ‘phase’) revealed no significant ‘weaning’ (F(i 30) =  0.4382) 
or ‘interaction’ effect (7^ (2,30) =  0.11, p =  0.9) in the locomotor activity 
between the weaned and non-weaned animals during the three phases of the 
experiment (Figure 2.12).
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Figure 2.11: T h e e ffect o f  w eaning on self-groom ing , n o se-n ose  sniffs in th e  3C B . 
(A) T h e  assessm en t o f  se lf-groom ing during th e  habituation (H ab ), sociab ility  (S A )  
and preference for social novelty (P N ) te st  phases between the weaned and non-weaned  
groups. A  tw o-w ay ANOVA ( ‘ph ase’ x  ‘w ean in g’) revealed no ch an ges in self-groom  
frequency betw een th e  w eaned and non-weaned anim als in any phase o f  th e  te s t . (B) 
T he num ber o f  nose-nose sniffs w ith ‘stranger 1 ’, ‘familiar (f)stranger 1 ’ and ‘stranger  
2 ’ during the SA and PN phases. A two-way ANOVA ( ‘w eaning’ x  ‘stranger’) revealed 
no sign ifican t ch a n g es in th e  num ber o f  nose-n ose  sniffs betw een th e  w eaned and 
non-weaned animals. W ithin the treatm ent groups, a one-w ay ANOVA with Bonferronis 
post hoc show ed a sign ificant ’stranger’ e ffect (*p <  0 .0 5 ) w ith both  w eaned and 
non-weaned anim als having a higher frequency o f  nose-nose sniff with stranger 1 in the  
sociab ility  phase com pared to  th e  fam iliar ‘stranger 1 ’, and no sign ificant d ifference  
betw een ‘(f)stra n g er  1 ’ and ‘stranger 2 ’ in th e  preference for novelty phase. D ata  
expressed as m eans ( ±  SE M ) n  =  6 per group.
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Figure 2.12: T he effect o f  weaning on locom otor activity in the 3CB. M easurem ent o f  
distance m oved by th e  weaned and non-weaned anim als during the habituation (H ab), 
social approach (SA ) and preference for social novelty (P N ) phases o f  the test obtained  
via EthoV ision tracking softw are. Data shown are m eans ( ±  SE M ) o f  n  =  6 anim als. 
T w o-w ay ANOVA follow ed by Sidaks p o s t  h o c  te s t  showed a significant main 'phase' 
effect with p o s t  h o c  analysis revealing decreased locom otion between th e  weaned and 
non-weaned groups (** p <  0 .01 , * p <  0 .0 5 ). T here were no significant differences in 
th e  d istan ce  m oved betw een th e  w eaned and non-w eaned anim als during any o f  th e  
three phases o f  th e  3CB test.
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2.4 D iscussion
The aims of the studies within this Chapter were to assess the influence of 
lack of weaning on behavioural outcomes in postnatal rats using a selection 
of paradigms targeting emotional and social behaviours. The results demon­
strated that animals remaining in a non-weaned state exhibit ‘depressive-like’ 
behaviour compared with those weaned at the standard age. The results 
also showed that change in weaning status does not have a significant in­
fluence on anxiety-related or social behaviours. Overall, this data suggests 
a pro-depressive effect associated with a lack of weaning in the postnatal 
rat.
The hypothesis for these experiments was that a lack of weaning would 
result in defects in emotional and social behaviours due to the impairment 
of the DOPr system. As demonstrated from previous results from our 
laboratory, weaning rat pups at PND21 has been shown to activate a 
population of DOPrs that mediate swim SIA. It has been shown that the 
removal of casein from the neonatal rat diet at the time of weaning results in a 
MOPr to DOPr transition in the mediation of swim SIA. This transition can 
be delayed by up to PND40 by continued dietary provision of casein-rich milk 
formula (Goody & Kitchen, 2001). Furthermore, the experiments conducted 
by Goody & Kitchen (2001) excluded the possibility of a psychological 
(maternal presence) or physiological (suckling) infiuence upon this transition 
and showed that this was driven by nutritional factor with the candidates 
being casein derived yd-casomorphins or related compounds that remain to 
be identified.
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The results obtained from the FST showed that non-weaned rats, compared 
to those weaned on PND21 from the supply of maternal milk, exhibited 
‘depressive-like’ behaviour as evidenced by a significant increase in the time 
spent immobile and a decrease in the latency to the first period of immobility, 
as well as significant reductions in active behaviours such as swimming and 
climbing (Figure 2.9). In addition, only the rats in the weaned groups 
exhibited diving behaviour, a characteristic indicator of anti-depressant 
activity in rodents (Lino-de Oliveira et al, 2005). These results are in 
line with our hypothesis and correspond well with the studies of Filliol 
et al. (2000) who have shown DOPr KO animals to exhibit depressive-like 
phenotypes. Together this suggests that the activation of the DOPr system 
can positively modulate mood states. However, whether this behavioural 
phenotype is mediated through a DOPr mechanism remains to be fully 
elucidated.
The biologically active component in maternal milk that may be responsi­
ble for the weaning-induced activation of DOPrs has not yet been clearly 
identified, however casomorphins or related compounds have been postulated 
as possible candidates (Goody & Kitchen, 2001). In the present study, it is 
yet to be determined which exact component in milk may be responsible in 
causing the depressive behavioural phenotype observed. Of note however, 
Françolin-Silva et al. (2006) have reported anxiolytic effects of short-term 
postnatal protein malnutrition in the EPM (Françolin-Silva et al, 2006). In 
their study they demonstrated that Wistar rats fed a high casein diet (16%) 
exhibited higher anxiety levels compared with those animals that were fed a 
diet with low (6%) casein. In addition, in a separate study they reported no 
changes in locomotor or exploratory activities within the different animal 
groups (Almeida et al, 1993).
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There is evidence in literature indicating a gender effect of protein mal­
nutrition on behaviour. For example, it has been shown that male and 
female rats postnatally protein malnourished exhibit decreased anxiety-like 
behaviour (Santucci et al, 1994; Almeida et al, 1991, 1996) with female rats 
displaying more (Brioni k. Orsingher, 1988) or not differing in anxiety mea­
sures (Laino et al, 1993) when compared with control fed groups. This data 
further extend the possibility of the involvement of casein protein mediated 
mechanisms in the development of emotional behavioural deficits seen in our 
study. These authors have proposed that the lower anxiety-like behaviour in 
the protein malnourished rats could be the result of the malnutrition on brain 
structures controlling inhibitory behaviours in situations promoting anxiety 
(Santucci et al, 1994). The development of hippocampal (Garcia-Ruiz et al, 
1993) and amygdaloid (Escobar k  Salas, 1993) areas has been shown to be 
infiuenced by this nutritional change and have been proposed to mediate 
the emotional effects observed. However, more studies will be necessary to 
elucidate morphological changes in these brain areas associated with weaning 
diet changes and the observed phenotype within the present study.
Weaning at the standard age has resulted in anti-depressive phenotype 
in the present study that was characterised by increased active behaviours 
such as climbing, swimming and more interestingly diving behaviour. As 
a functional explanation, these activities can be thought of as signs of 
‘advancing ontogeny’ due to the behavioural independence that occurs once 
the mother is removed from the cage (see Laviola k  Terranova (1998)). At 
this point it is convenient for the rat pups to learn as soon as possible a 
well-developed capacity to eat solid food and to perform motor activities 
properly and to move around in the physical environment and to escape 
predators. Indeed, the enhanced practice of environment-directed activities.
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such as exploratory, play fighting, jumping and eating behaviour after 
weaning have been well documented (Terranova & Laviola, 1995). In the 
present study, it has been shown that non-weaned rats exhibit significantly 
lower active behaviours in the FST, which could potentially be due to the 
lack of this behavioural independence that takes place at weaning. To 
support this possibility, Wu et al. (2013) have also reported decreased 
locomotor, exploratory activity, sniffing and social interaction in mandarin 
voles remaining with the parent post-weaning (Wu et al., 2013).
In the present study, lack of weaning on PND21 did not produce a sig­
nificant effect on anxiety-like behaviour. Since anxiogenic phenotypes in 
both DOPr (Filliol et al., 2000) as well as enkephalin (Konig et al., 1996; 
Bilkei-Gorzo et al., 2004) KO animals have been reported, in our study, it 
would have expected to observe an elevation in anxiety-related behaviours 
in the non-weaned animals. In addition, the role of DOPr agonists in modu­
lating anxiety-like behaviour and their anxiolytic effects on the EPM has 
been clearly shown (Perrine et al., 2006). In relation to the role of DO­
Prs in mediating anxiety-behaviour, gender has been highlighted to play 
a role in the expression of such behaviours. Although in the present only 
male rats were considered, Ragnauth et al. (2001) have reported changes in 
anxiety-levels only in female preproenkephalin KO mice (Ragnauth et al., 
2001), which are in line with the known fact of sexual dimorphism in the 
brain where androgens play a key role (Adams et al., 1991; Hammer Jr, 
1988). Another possibility relating to the lack of an anxiety-related pheno­
type in the present study could be due to the role of the putative DOPr 
subtypes (Saitoh et al, 2005; van Rijn et al, 2010). Whilst there is evidence 
of distinct DOPr subtypes in the GNS (Negri et al, 1997; Sofuoglu et al, 
1991; M attia et al, 1991; Zaki et al, 1996), only a single gene encoding
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the DOPr has been cloned in rats and mice (Kieffer et al. (1992); Evans 
et al (1992) and for a review see Dietis et al (2011)). Whether mechanisms 
such as alternative splicing (Black, 2003), receptor dimérisation (Jordan &: 
Devi, 1999), interaction of common opioid gene products with other proteins 
(Pradhan et al, 2010) or a combination of these factors may be mediating 
the behavioural phenotypes described by the current literature and within 
our study, would warrant consideration in future studies.
Most studies that have investigated the influence of weaning time manipu­
lations on anxiety-behaviour have generally reported an anxiogenic effect 
associated with early or premature weaning. For example, Kodama et al 
(2008) demonstrated the effect of early weaning in rats and showed that male 
and female rats weaned on PND16 compared with those weaned on PND30, 
exhibited increased anxiety behaviour as evidenced by a decrease in the 
number of entries and duration in the open arms of the EPM (Kodama et al, 
2008). Nonetheless, our results are consistent with other studies that have 
reported no changes in anxiety-related behaviour in response to changes in 
weaning time. For example, in an early study conducted by Joffe &: Levine 
(1973), these authors reported no differences in anxiety-related behaviour in 
Wistar rats weaned either on PND21 compared to those weaned on PND30 
in the open field test, but did report increased defecation in earlier-weaned 
groups (Joffe & Levine, 1973). In addition, Curley et a l (2009) in their 
studies showed no changes in anxiety behaviour between male or female mice 
weaned either on PND21 or PND28 in the time spent on the closed arms 
of the EPM or in the inner area of the open field test (Curley et al, 2009). 
The discrepancies in results obtained from different laboratories could be 
due the different weaning days or behavioural paradigms utilised and would 
need further clarification.
89
2 The Effect of Weaning on Behaviour
In the present study, the recently developed 3CB paradigm was employed 
to assess two components of social behaviours: sociability and preference for 
social novelty (Nadler et al, 2004; Moy et al, 2004). This mouse model of 
social dysfunction has been specifically designed to investigate complex social 
behaviours relevant to human disease symptoms such as autistic traits that 
are characterised by social interaction, social communication abnormalities 
and ritualistic repetitive behaviours (Folstein & Rosen-Sheidley, 2001; Piven, 
2001). Due to its novelty and relevance to modelling autistic-like behaviours, 
in our experiments the aim was to expand its use with the rat. Studies utlising 
the three-chambered sociability box have consistently reported increased 
sociability and social novelty preference to be characteristic of a normal 
phenotype in rodents in a number of laboratories (Nadler et al, 2004; Moy 
et al, 2004; Yang et al, 2011) as well as in our own group (Zanos et al, 
2013).
Previous studies have shown that the expression of social behaviours can 
be influenced by a change in the time of weaning with either increased, 
decreased or no differences being reported (see Tables 1.2 to 1.4). A number 
of these reports have shown a strong sex-dependent effect of delayed weaning 
on social behaviour. Specifically, only female mice have been shown to 
exhibit increased sociability as a result of delayed weaning (Terranova & 
Laviola, 2001; Curley et al, 2009). In addition, studies have demonstrated 
decreases in sociability and social play in response to delayed weaning in a 
number of species (Ferdman et al, 2007; Worobec et al, 1999; Wu et al, 
2013). The contrasting data highlight discrepancies associated with delayed 
weaning and development and expression of social behaviours.
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In the present study, during the sociabihty phase of the test, as expected, 
both weaned and non-weaned animals exhibited increased sociability, as 
evidenced by significantly increased time spent in the chamber containing the 
novel conspecific ‘stranger 1’ compared with the novel (empty) cage (Figure 
2.10). In line with this, both groups of animals engaged in higher frequency 
of nose-nose sniffs with the ‘stranger 1’ in the sociability phase, compared 
with the (now) familiar ‘stranger 1% in the preference for social novelty 
phase (Figure 2.11B). However, it would have been expected to observe an 
increased number of non-nose sniffs with ‘stranger 2’ compared to the familiar 
‘stranger 1’ in the preference for social novelty phase of the test, since this 
has been shown to be a characteristic normal phenotypic response in previous 
reports (Nadler at al, 2004; Moy et al, 2004). Additionally, in the preference 
for social novelty phase of the test it would have expected to observe an 
increased time spent in the chamber containing the ‘stranger 2’ compared to 
the familiar ‘stranger 1’. However, in both weaned and non-weaned animals, 
a higher preference of the test rat towards either the ‘stranger 1’ or ‘stranger 
2’ was absent (Figure 2.10B and D). The discrepancies in our results may be 
attributed to methodological restrictions with the use of three-chambered 
paradigm with postnatal rats and thus warrant further exploration.
The hypothesis from this experiment was that a retardation of the DOPr 
system in the non-weaned animals will result in social behaviour deficits 
in these groups of animals. A number of studies have also attempted to 
elucidate the underlying neuronal mechanisms responsible for changes in 
social behaviour following weaning manipulation. Terranova & Laviola (2001) 
showed that PND25-weaned mice were found to have a reduced sensitivity 
to a selective DOPr agonist. Although, this data corresponds well with 
previous studies carried out in our laboratory in which weaning-dependent
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differences in the organisation of the plastic DOPr system in the brain were 
shown (Muhammad & Kitchen, 1993; Kitchen et al, 1995), the current 
investigation has not exposed an effect of weaning on social behaviour with 
the use of 3CB.
In relation to the hypothesis implicating DOPrs in the modulation of social 
behaviour, the lack of change observed here between the weaned and non- 
weaned animals may have been due to the role of different receptor classes 
in the regulating social behaviour. Specifically, Vanderschuren et al. (1995) 
have shown a strong MOPr and KOPr, but not a DOPr-mediated effect 
on social play in juvenile rats with MOPr antagonists and KOPr agonists 
suppressing social play, whilst neither DOPr agonist or antagonist having 
any effect (Vanderschuren et al, 1995). In addition, Curley et al (2009) have 
suggested a role for oxytocin and vasopressin neuropeptides in modulating 
such behaviours. Indeed the involvement of oxytocin and vasopressin systems 
have been shown to be highly implicated in the regulating of many aspects 
of emotional and social behaviours (Keverne & Curley, 2004; Marazziti & 
DeirOsso, 2008; Carter et al, 2008; Donaldson & Young, 2008).
A further possible mechanism associated with the differences in the be­
havioural outcomes seen in our studies is the well acknowledged involvement 
of the opioid system in regulating stress responses such as the HPA axis 
and indeed studies have shown that DOPrs are involved in mediating the 
behavioural and adrenocortical responses to stress in rodents (Fernandez 
et al, 1999). This suggests that DOPrs could play an important role in 
regulating the activity of HPA axis under stressful conditions. The FST 
is a stressful paradigm and is often utilised to induce acute stress in lab­
oratory animals (Cryan et al, 2002). It is thus plausible to also suggest
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that the significant depressive-like phenotype observed in our study could be 
attributed to the differential activation of the HPA axis under forced swim 
stress under different weaning conditions. In contrast however, although 
raised corticosterone concentrations in the rat after exposure to the EPM 
(a mild and predominantly an emotional stressor) have been reported (File 
et al, 1994), the intensity of the stress is significantly lower in comparison to 
the FST (Liebsch et al, 1998). Similarly, the stress levels imposed on the rat 
pups during the 3CB test were low and would have been mostly caused by 
placing the experimental animals into a novel environment which is regarded 
again as an emotional stressor (Crawley, 2004; Kaidanovich-Beilin et al, 
2011).
Additionally, patterns of weaning time have also shown to induce alter­
ations in stress responses in a number of studies. Generally, it has been shown 
that early weaning is associated with increased HPA axis response to stress 
and elevated corticosterone levels (Kikusui, 2011; Ito et al, 2006). Whilst, 
Cook (1999) demonstrated that animals which are left with their mothers 
until either PND30 or 40, show greater corticosterone and glutamate levels 
in the sensory cortex in response to stress in later life (Cook, 1999). Thus 
weaning appears to have an influence on the activity of the stress response 
systems such as the HPA axis, that presists into later life. To this end, the 
ability of a number early life environmental stimuli in the developmental 
programming of the HPA axis have been documented in a number of species 
(see Matthews (2002)). All together, this suggests that the discrepancies 
between the anxiety, depression and social behaviours obtained within this 
study could be due to the differences in the severity of HPA activation by 
the stress inflicted to the postnatal animal and the ability of the animal to 
cope with different types of stress (see Chapter 3).
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The main hypothesis from this experiment was that the retarded DOPr 
development in the non-weaned animals and those fed a casein-rich diet 
(Goody & Kitchen, 2001) will culminate in deficits in emotional behaviour 
due to the known effect of the delta opioid system on mood (Filliol et al, 
2000; Terranova & Laviola, 2001). Although the present study has shown 
marked effects in depressive-like behaviour between the weaned and non- 
weaned animals, it has not shown this to be directly related to modulation 
via the DOPr system. In order to further strengthen this hypothesis, it 
would be necessary to carry out receptor activation and binding studies 
according to the protocols previously provided by the work of Kitchen and 
colleagues (Kitchen et al, 1995; Kelly et al, 1998). Furthermore, in order to 
support a role for casein, it would be advantageous to include separate groups 
of animals as controls. This would allow establishing a direct relationship 
between the regulation of behaviour and casein intake levels, whilst exploring 
the possible effects associated with maternal separation as in the present 
study.
The behavioural paradigms chosen for these studies were based on strong 
evidence supporting their use with young animals (Reed et al, 2008; Slattery 
& Cryan, 2012) and due to their strong face validity and predictive ability 
and reliability across different laboratories. Although a number of studies 
have presented results in which the activity in the FST has been shown to 
be associated with age. For example, recently, a study carried out by Ulloa 
et al, showed that rats above PND24 exhibit higher levels of immobility 
behaviour when compared to rats less than 24 days old (Ulloa et al, 2014). 
As a result, it would be advantageous to also include other behavioural 
tests to further strengthen the results. In particular, since locomotor effects 
have been shown to produce false-positive results in the FST (Slattery &
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Cryan, 2012), in order to rule out possible effects associated with increased 
physical development that takes place once weaning commences, it would 
be advantageous to utilise a depression test such as the light dark box or 
sucrose preference test.
In conclusion, it has been shown that rat pups remaining with their 
mother in a non-weaned state display depressive phenotypes. Since DOPrs 
are known to modulate depressive-like behaviour (Filliol et al, 2000), it was 
hypothesised that a dysfunction of DOPr system in non-weaned rats could 
underlie the depressive phenotype observed here. However, the regulation 
and function of DOPrs in relation to this behavioural phenotype will need 
to be investigated in future studies. The hypothesis is that the phenotype is 
highly likely to be driven by prolonged maternal milk casein consumption. 
This will need to be further investigated by addtional casein fed animal 
groups. Although the study shows that the non-weaned animals exhibit 
what is known as ’depressive-like’ behaviour in the FST, the discrepency in 
the behaviour in this paradigm between the weaned and non-groups could 
be due to a lack of ’behavioural and physical ontogeny’ in the non-weaned 
groups. As a result, it may be advantageous to assess depressive-behaviour 
in the animal cohort using other behavioural tests. Nonetheless, the results 
presented here show that post-weaning maternal (milk) exposure can impact 
the development of behaviour and may have important implications for 
the impact and duration of maternal milk feeding practices in the human 
population and adds significantly to ongoing debates regarding the exact 
time weaning should take place. Furthermore, the interaction of stress 
under different weaning conditions in the manifestation of emotional deficits 
raises concerns regarding stress exposure during critical phases of CNS 
development.
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3 The Effect of W eaning and 
Stress on Central O xytocin  
Receptor Binding Levels
3.1 Introduction
The previous chapter not only demonstrated that a lack of weaning during 
sensitive periods of early life has a depressive-like effect upon offspring 
behaviour, but also raised the possibility of a complex relationship with 
psychophysiological stress exposure during this period in life and on the 
programming of behaviour. With this in mind, the aim of the present chapter 
was to further investigate the neurochemical consequence of maternal weaning 
upon oxytocin receptor (OTR) binding levels and in the modulation of the 
observed depressive-like phenotypes in non-weaned animals. In addition, it 
aimed to investigate potential mechanisms driven by stress in underlying 
such behavioural and neurochemical changes.
Literature described in Chapter 1, Section 1.4.2 suggests a role of the oxy- 
tocinergic system in the modulation of a variety of neuropsychiatrie disorders 
including anxiety and depressive behaviours (Marazziti & Dell’Osso, 2008;
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Gimpl & Fahrenholz, 2001; Neumann, 2008; Curley et al, 2009). Oxytocin 
(OT) is a neurohypophysial nanopeptide synthesised by the magnocellular 
neurons located in the supraoptic and paraventricular nuclei (SON and PVN) 
of the hypothalamus. In addition, the structurally homologous neurohy­
pophysial hormone, vasopressin (AVP), is also synthesised in the SON and 
PVN. OT neurons send projections to the limbic areas in the brain where 
they target specific neurons located in the septum and the hippocampus 
(see Knobloch & Crinevich (2014)). The endocrine response to stress is 
mediated by the activation of the HPA axis, where CRH and AVP stimulate 
ACTH secretion from the anterior pituitary (see Figure 1.1). In response 
to a variety of stimuli such as stress (Engelmann et al, 1999), suckling and 
parturition (Higuchi et al, 1985), OT is released from the posterior pituitary 
into the systemic circulation (see also Cimpl & Fahrenholz (2001)).
A single population of OTRs has been identified in both the CNS and 
peripheral organs (see Cimpl & Fahrenholz (2001)). They belong to class I of 
CPCRs and are primarily coupled to phospholipase-C-/?, which once activated 
lead to the generation of 1,2-diacy 1-glycerol and inositol triphosphate. This 
in turn leads to Ca^+ release from intracellular storages and subsequent 
activation of protein kinase C. The final increase of Ca^+ can trigger a number 
of cellular events such as smooth muscle concentration, changes in cellular 
excitability, gene transcription modifications and protein synthesis (see Cimpl 
Sz Fahrenholz (2001); Zingg & Laporte (2003)). Generally an increase in 
the level of OT peptides or administration of OTR agonists is concomitant 
with a rapid OTR desensitisation, clathrin-dependent internalisation and 
subsequent down-regulation of OTRs (Evans et al, 1997).
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Oxytocinergic neurons are widespread throughout the CNS, and oxytocin 
is also synthesised in peripheral tissues such as in the uterus, placenta, corpus 
luteum, amnion, testis and in the heart (Zingg & Laporte, 2003). OT exerts 
a wide range of actions involved in a number of physiological and pathological 
processes. These include, the regulation of the HPA axis in response to 
stress (Neumann, 2002), initiation of maternal behaviour (Francis et al, 
2000), modulation of emotional relationships (Panksepp, 1992), stimulation 
of sexual and reproductive behaviour (Carter, 1992) as well as modulation 
of neuropsychiatrie disorders (Neumann 8z Landgraf, 2012; Marazziti Sz 
DeirOsso, 2008) amongst other roles which have been reviewed in detail by 
Cimpl Sz Fahrenholz (2001).
A number of studies have shown that in general increased OT levels 
produce anxiolytic, antidepressant and pro-social effects (see Neumann Sz 
Landgraf (2012); Curley et al. (2012)). OT release in different brain regions 
has been shown to be a strong regulator of emotionality and physiological 
stress responses in both males and females (Windle et al, 1997; Neumann 
et al, 1999). Exposure of rats to both physical and psychological stress, such 
as social defeat and swimming respectively, has been shown to trigger OT 
release into the blood as well as within parts of the brain, as reflected by 
increased concentration of OT in the cerebrospinal fluid (Ivanyi et al, 1991). 
A number of publications have proposed that OT release modulates the 
behavioural stress responses by promoting adaptive homeostatic stress-coping 
styles through the inhibitory effect of OT on ACTH secretion (Neumann, 
2002; Landgraf &: Neumann, 2004; Ebner et al, 2005a; Neumann et al, 2000; 
Neumann Sz Landgraf, 2012).
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In rats, OTRs are abundant in several brain regions such as the olfactory 
system, cortical areas, basal ganglia, the limbic system, the thalamus and 
hypothalamus, brain stem and in the spinal cord (Tribollet et al, 1989). 
In particular, a high level of OTRs and OT binding sites are localised 
throughout the amygdala, a region well-recognised to be involved in the 
regulation of emotional responses (Tribollet et al, 1988). Tribollet et al 
(1989) have shown that the distribution and numbers of OT binding sites 
undergo changes during development. In male and female rats two critical 
periods during the development have been recognised: the third postnatal 
week, which precedes weaning, and after PND35 (Tribollet et al, 1989). 
Thus, similar to the opioid system, the OT system appears also to have a 
differential ontogenic pattern that may be open to insult from environmental 
stimuli during development.
As demonstrated in Chapter 2, rats remaining with their mother until 
PND25, in a non-weaned state exhibit depressive-like phenotypes compared 
to their weaned counterparts in the FST. The forced swimming paradigm is 
a well-known psychophysiological stressor in rodents and has been shown to 
activate the HPA axis stress responses (Connor et al, 1997). Moreover, it is 
well acknowledged that OT that is released in various brain areas plays a 
critical role in the control of stress responses.
Alterations of several brain neurochemical pathways in response to change 
in weaning conditions have been demonstrated (see Section 1.3), however, the 
neuromolecular mechanisms underpinning the emotional impairment seen in 
our studies remains to be fully explored. There is evidence to suggest that 
OTRs are implicated in the modulation of a variety of emotional behaviours 
in early postnatal life (Neumann, 2008). Coupled to this, there is some
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evidence suggesting that the duration of mother-pup interaction in this 
critical period influences the expression of behaviour as well as OTRs in 
mice (Curley et ai, 2009). As a result, the aims and Hypotheses of this 
chapter are as follows:
• Aims: To investigate the effect of weaning rats on PND21 compared 
with not weaning until PND25 on the development of central OTR 
binding levels using quantitative receptor autoradiography in the brains 
from the weaned and non-weaned animals . Furthermore, to assess the 
impact of weaning and its modulation by forced-swim stress exposure 
upon central OTR binding levels in the brains of swim-stressed and 
unstressed weaned and non-weaned animals.
• H ypothesis: Due to the documented effect of early life conditions 
such as mother-pup interaction and duration on the central OT system, 
it is hypothesised that weaning duration will have an impact on the 
ontogeny of central OTRs. Due to considerable evidence implicating 
the oxcytocinergic system in mood disorders, it is hypothesised that 
non-weaned animals that display emotional deficits will exhibit down- 
regulation of OTRs. Moreover, due to the clear effect of stress exposure 
upon oxytocin stress response system, it is hypothesised that in those 
animals exposed to forced-swim stress, a marked OTR down-regulation 
will be observed.
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3.2 M ethods
3.2.1 A nim als
The dissected brains from the animals belonging to the weaned and non- 
weaned groups that were either exposed to the FST or not to any behavioural 
tests as described in Chapter 2, Section 2.2.1 were utilised in the investiga­
tions carried out within this study. Rat pups were killed by decapitation 
and intact brains removed as described in Section 2.2.1, and brain sections 
prepared as detailed below. All experiments were conducted in accordance 
with the protocols approved by the Home Office, UK (Animal Scientific 
Procedures Act, 1986).
3 .2 .2  Q u an tita tive  O xytocin  R ecep tor A utoradiography
3.2.2.1 Tissue Sectioning
3.2.2.1.1 Cleaning and Gelatin-Coating of M icroscope Slides
Microscope slides (74mm x 26 mm) (Marienfield, Germany) were loaded 
onto metal slide holder racks in a washing tray and soaked in Decon detergent 
and warm water solution overnight. The following day, all slides were rinsed 
under hot running water for 15 minutes followed by a further rinse with cold 
distilled water. A 90:10, ethanohhydrochloric solution (v/v), was used to 
soak slides for 15-20 minutes before rinsing in distilled water for 15 minutes. 
Slides were then coated by immersing into a 1% w/v gelatin/chrom-alum 
solution for 2 minutes and left to dry in a dust-free environment before 
use.
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3.2.2.1.2 Sectioning of Brain Tissue
Brains were removed from a —80°C freezer and placed into a cryostat ap­
paratus (Zeiss Microm 505E, Hertfordshire, UK) set at —21°C and coronally 
aligned by fixing the cerebellum onto a mounting stage using plastic embed­
ding solution (O.C.T compound, BDH Chemicals, Dorset, UK). Adjacent 
20 //m thickness coronal sections were cut at 400 /im intervals and thaw- 
mounted onto gelatine-coated ice-cold microscope slides to define receptor 
binding levels from fore- to hind-brain regions. Brain slides were stored at 
—20°C in airtight containers containing a layer of anhydrous calcium sulfate 
(Dreirite-BDH Chemicals, Dorset, U.K.) for a minimum of 1 week before 
use.
3.2.2.1.3 Autoradiographic Binding of Oxytocin Receptors
Quantitative OTR autoradiography was performed on brain sections from 
weaned and non-weaned animals from the forced swim stressed and non­
stressed groups in accordance with previously described methods (Jarrett 
et al, 2006). Sections were rinsed twice for 10 minutes in a pre-incubation 
buffer solution (50 mM Tris-HCl pH 7.4) at room temperature to remove en­
dogenous OT. Total binding was determined by incubating the sections with 
50 pM [^^^I]-Ornithine vasotocin analog [d(CH2)5 [Tyr(Me)^ ,Thr'^,Orn^, Tyr^-
NH2]-vasotocin] ([^^^I]-OVTA) (Perkin Elmer, Boston, MA) in an incubation 
buffer medium (50 mM Tris-HCl, 10 mM MgCl2, 1 mM EDTA, 0.1% w /v 
bovine serum albumin, 0.05% w /v bacitracin; Sigma-Aldrich, Poole, UK, 
pH 7.4 at room temperature). Adjacent sections were incubated with 
OVTA (50 pM) for 60 minutes in the presence of 50 fjM of OT ligand, 
(Thr^, Cly^)-oxytocin (Bachem, Germany), to determine non-specific bind-
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ing (NSB). Following the radioligand binding period, slides were rinsed 3 
times for 5 minutes in ice-cold rinse buffer solution (50 mM Tris-HCl, 10 mM 
MgCU, pH 7.4) followed by a 30 minute wash in the ice-cold rinse buffer, 
and a subsequent 2 second wash in ice-cold distilled water. Slides were then 
dried under a stream of cool air for 2 hours and stored in sealed containers 
with anhydrous calcium sulphate (Drierite) for 2 days.
3.2.2.1.4 Film Apposition
Slides were mounted onto card and secured into place using tape. Sections 
were apposed to Kodak MR-1 films (Sigma-Aldrich, U.K.) in Hypercassettes 
with autoradiographic [^ '^ C] microscales of known radioactive concentration 
(CE Healthcare Life Sciences, Amersham, U.K.) for 3 days. Sections for all 
treatment groups were processed in parallel and apposed to the same film at 
the same time to avoid inter-experimental variation.
3.2.2.1.5 Film Development
Film development was conducted in a dark room using red-filter light. 
The films were developed by immersing them individually one at a time into 
a tray containing 50% Kodak D19 developer (Sigma-Aldrich, Poole, UK) 
for 3 minutes. The films were then immersed in a second tray containing 
distilled water and three drops of glacial acetic acid solution for 30 seconds 
to stop the development reaction. This was followed by a 5-minute fixation 
step by immersing the films into a third tray containing Kodak rapid fix 
solution (Sigma-Aldrich, Poole, UK). Finally, the films were rinsed under 
cold running water for 20 minutes and left to dry on hanging clips in a fume 
hood.
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3.2.2.1.6 Image Analysis of Autoradiograms
Quantitative analysis of autoradiographic films were carried out using 
video-based, computersied densitometry using an MCID image analyser 
(Imaging Research, Canada) as previously described by Kitchen and co­
workers (Kitchen et al, 1997). Optical density values were quantified from 
the [ '^^C]-microscale standards of known radioactive concentration and cross­
calibrated with (CE Healthcare, UK) and were entered into a calibration 
table on MCID. The relationship between radioactivity and optical density 
was determined using the MCID system. Specific binding was calculated 
by subtraction of NSB from total binding and expressed as fmol/mg tissue 
equivalents. The Analyses of brain structures were carried out by reference 
to the rat brain atlas of Paxinos and Watson (Paxinos & Watson, 2006). 
Measures were taken from both the right and left hemispheres for most 
structures, thus representing a duplicate determination for each region. 
Central brain regions such as the hypothalamus and thalamus were singularly 
taken using the free-hand drawing tool to outline the structures. The 
following structures were analysed by sampling 5-8 times with a box-sampling 
tool (box size in pixels shown in parentheses): cortex (8 x 8 mm), olfactory 
tubercle (6 x 6 mm) and hippocampus regions ( 5 x 5  mm). For each film 
analysed, regions were always quantified at the same level of the brain by 
reference to Bregma co-ordinates given in the Paxinos and Watson rat brain 
atlas and as shown in Table 3.1.
3.2 .3  D a ta  A nalysis
The mean (and standard error of the mean, SEM) specific radioligand binding 
was determined for all brain structures analysed from each treatment group.
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Brain Region Bregm a Coordinate (mm)
Olfactory bulb -  external and lateral, dorsal, medial, ventral 4.20
Caudate putamen 1.20
Cingulate cortex 1.20
Bed nucleus of stria terminalis 1.20
Nucleus accumbens shell and core 1.20
Lateral septum 1.20
Ventral limb of diagonal band 1.20
Medial septal nucleus 1.20
Hippocampus -2.80
Thalamus -2.80
Hypothalamus -2.80
Amygdaloid nuclei -  central, basolateral and basomedial -2.80
Ventromedial hypothalamic nuclei -2.80
Table 3.1: Bregma coordinates used for brain regions analysed by p^ l]-O V T A  receptor 
autoradiography.
Comparisons of OTR binding levels were made using a two-way ANOVA 
on individual brain regions for factors ‘weaning’ and ‘forced swim stress’ 
followed by Sidak’s post hoc analysis where applicable. For analysis of the 
OTR binding in the whole amygdala, an unpaired t-test comparing stressed 
and non-stressed weaned and non-weaned animals was performed. A p value 
of less than 0.05 was accepted as statistically significant. All statistical 
analyses were performed using CraphPad Prism 6. All the values were 
expressed as mean ±  SEM.
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3.3 R esu lts
Quantitative OTR autoradiographic binding using [^^^I]-OVTA was per­
formed on brain sections cut at the level of the olfactory nuceli, caudate and 
thalamus from stressed and non-stressed weaned and non-weaned animals. 
As can be seen on Figure 3.1 and 3.2 there was a high density of OT receptors 
in the olfactory nuclei followed by the cingulate cortex and bed nucleus of 
stria terminalis (BNST). In order to assess the impact of weaning (PND21 
versus non-weaned), a two-way AN OVA for factors ‘weaning’ and ‘stress’ 
was employed and revealed no significant differences in OTR binding levels 
in any of the sixteen regions shown on Table 3.2 and Figures 3.1 and 3.2. 
Thus, it can be seen that weaning time, and stress exposure do not cause 
any alterations in the levels OTRs in olfactory, caudal, hypothalamic and 
hippocampal regions (Table 3.2).
Quantitative autoradiographic binding of [^^^I]-OVTA in coronal brain 
sections of stressed and non-stressed, weaned and non-weaned animals 
revealed region-specific, stress-induced alterations in OTR binding levels 
exclusive to the amygdala. Regional two-way ANOVA for factors ‘weaning’ 
and ‘stress’ showed a significant ‘stress’ effect only in the basomedial and 
basolateral amygdaloid nuclei (ANOVA, ^^^20) =  12.50, p < 0.01; -F(i 20) =  
6.14, p < 0.05, respectively. Figure 3.3). Analysis of OTR binding in the 
whole amygdala using an unpaired t-test comparing stressed and unstressed 
weaned and non-weaned animals revealed a significant down-regulation 
of OTRs in the weaned but not in the non-weaned animals {p < 0.05, 
Figure 3.3B).
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Figure 3.3: T he effect o f weaning and stress on [^^®l]-OVTA binding in the amygdala. 
Q uan titative  autoradiographic binding o f  O T R s in th e  (A )  central, basom edial and 
basolateral am ygdala nuclei and (B )  w ithin th e  w hole  am ydala in brains o f  stressed  
(S ) and non-stressed  (N S ) w eaned and non-w eaned rats. (C ) C om puter-enhanced  
representative autoradiogram s o f  adjacent brain sec tio n s at th e  level o f  tha lam us  
(B regm a -2 .8 0  m m ). Colour bars illustrate a pseudo-colour interpretation o f  black 
and w h ite  film im ages in fm o l/m g  tissu e  equivalent. R epresentative im ages for th e  
non-specific  binding (N S B ) (50pM  [^^^l]-OVTA in th e  presence o f SO/xM unlabeled  
oxytocin; third colum n) are also shown. Data expressed as th e  m ean specific  binding 
o f  p ^ l]-O V T A  (fm o l/m g  tissu e  equivalen t) ±  SEM  (n  =  5 -6 ). A tw o-w ay ANOVA  
for factors ‘w ean in g’ and ‘s tr ess’ follow ed by Sidaks p o s t  h o c  te s t  w as carried ou t  
in analysing th e  results from  th e  different brain regions; *p <  0 .0 5 , **p <  0 .0 1 . An 
unpaired t-tes t  was carried out to  analyse the difference within the am ygdala. A p  value 
o f less than 0 .05  was accepted as significantly different. A b b r e v i a t i o n s :  BLA, basolateral 
am ygdaloid nuclei; BMA, basomedial amygdaloid nuclei; CeA, central amygdaloid nuclei.
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3.4 D iscussion
The aim of this Chapter was to investigate the impact of weaning and its 
interaction with stress exposure upon central OTR binding levels in postnatal 
rats. No alterations were observed in OTR binding levels between rat pups 
that were weaned on PND21 compared to those that remained with their 
mother in a non-weaned state, until PND25, in any of the brain regions 
analysed ( Figures 3.1 and 3.3). However, this study has shown that exposure 
to forced-swimming stress results in a significant region-specific decrease in 
OTR binding levels localised in the amygdala of the weaned but not the 
non-weaned rats. The data here demonstrate how complex environmental 
factors (in this case, weaning and stress) may interact to modulate key stress 
regulation systems (OT) which are likely to be involved in the regulation of 
emotional behaviour at early developmental phases of life.
It was hypothesised that weaning may result in alterations in density of 
OTRs due to a) differential ontogenic patterns observed for this receptor at 
these postnatal periods (Tribollet et al., 1989; Barberis & Tribollet, 1996; 
Tribollet et al, 1992) and b) due to reports implicating a role maternal 
contact time on the OT and AVP systems (Curley et al, 2009). However, 
we did not observe a significant weaning effect on OTR binding levels in any 
of the brain regions analysed (Figures 3.1 to 3.3). Therefore, as is the case 
with the opioid system, whereby a significant weaning effect on DOPrs have 
been demonstrated in response to weaning (Muhammad & Kitchen, 1993; 
Kelly et al, 1998), the present findings suggest that the OTR development 
pattern, at least in the regions studied here, are independent of weaning 
status up to the age of 25 days in rats.
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In line with this, Curley et al (2009) only reported altered neuropeptide 
binding levels in female C57BL/6J mice, where the females that remained 
in the natal nest until PND28 showed an increase in V ia binding levels 
in the BNST and MPOA and a trend for an increase in OTR binding in 
the NAcS compared to those females that were weaned on PND21. In 
the same experiment, these authors showed no differences between PND21 
and 28-weaned males in the levels of V ia receptors and only a trend of 
higher OTR binding in the VMH of PND21-weaned male mice (Curley et al, 
2009). Curley and colleagues postulated that the mechanism underlying the 
differences seen in the OT and V ia receptor pathways could be associated 
with the quality of the social environment and maternal care throughout the 
developmental period as opposed to a functional cause of weaning time and 
the nutritional factors associated.
In terms of social and environmental factors. Champagne &: Meaney (2007) 
have shown that female rats raised by a high licking and grooming dams in 
an impoverished environment showed decreased OTR binding in the MPOA 
and CeA while offspring of low licking and grooming darns in an enriched 
environment displayed increased OTR binding in the MPOA, CeA and PVN 
when compared to offspring of low licking and grooming dams reared under 
standard housing conditions (Champagne & Meaney, 2007). However, in the 
present study, effort was taken to have consistent cage environments between 
both the weaned and non-weaned animals, with the only variable changing 
being the presence or the absence of the dam. In terms of the level of 
maternal care provided it would be interesting to assess these parameters in 
subsequent studies due to the associated known effects on the oxytocinergic 
receptor system (Francis et al, 2000; Champagne & Meaney, 2007; Carter 
et al, 2008; Grippo et al, 2007).
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In the present study it was also hypothesised that forced - swim stress 
exposure could differentially modulate the expression of OTRs in a weaning- 
dependent manner. Here, forced swim stress resulted in the differential 
regulation of OTRs in the amygdala of weaned and non-weaned animals. 
Specifically, a significant decrease in receptor binding was seen only in the 
weaned animals that were exposed to swim stress, localised to the amygdala 
and specifically in the BMA and BLA nuclei (Figure 3.3). The amygdala is 
strongly implicated in the regulation of emotionality (see LeDoux (2000)) 
with evidence showing the OT released within various brain regions to be 
an important regulator of stress response in both male and female rats 
(Neumann & Landgraf, 2012; Neumann, 2002; Windle et al, 1997). In this 
context, it is important to note that the amygdala is a structure of anatomi­
cally distinct subsystems that represent a complex network with variable 
physiological functions (Pitkanen et al, 1997). In line with our binding data, 
several authors have provided evidence for OT binding sites in the different 
subregions of the amygdala (see Barberis &: Tribollet (1996)).
One of the underlying mechanisms behind these stress regulatory findings 
relate to the direct and an indirect inhibitory effect of OT on the amygdala 
(LeDoux, 1994; Pitkanen et al, 1997). In rats it has been shown that OT 
that is released and that subsequently gets bound to its receptor in the 
amygdala can cause an inhibition of the activity of neuronal populations 
that project to the hypothalamic and brainstem areas regulating peripheral 
stress and fear responses respectively (Huber et al, 2005; Viviani et al, 
2011).
A number of studies have shown that exposure to forced swim stress, a 
complex psychophysiological stressor (Abel, 1994), triggers OT release into
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the brain as reflected by increases of its concentration in the cerebrospinal 
fluid (Ivanyi et al, 1991) as well as in several brain regions known to be 
involved in the modulation of stress mechanisms (see Landgraf & Neumann 
(2004)). These areas include the PVN, SON and amygdala where OTRs are 
localised (Engelmann et al, 1999; Nishioka et al, 1998; Wotjak et al, 2001). 
Ebner et al (2005a) have demonstrated forced swim stress-induced OT release 
within the amygdala of male Wistar rats (Ebner et al, 2005a). OT release 
within the amygdala regulates responses to a number of stressful stimuli such 
as swimming and social defeat (Engelmann et al, 1999; Nishioka et al, 1998; 
Wotjak et al, 2001; Ebner et al, 2000). Increases in OT release function to 
attenuate stress responsiveness via a number of different mechanisms with 
the most acknowledged effect being documented through regulation of the 
HPA axis activity (Engelmann et al, 1999; Neumann et al, 2000). Indeed, 
studies have shown ACTH and corticosterone levels to increase during and 
after forced swimming exposure (Wotjak et al, 1998) as well as social defeat 
stress (Ebner et al, 2000, 2005a).
In terms of the HPA axis, Levine’s group have demonstrated that the 
HPA response of the neonatal rat can be activated by maternal derprivation 
(absence), with the animals responding to mild stressors such as novelty 
exposure in an adult-like fashion (Levine, 2001, 2002). It can thus be argued 
that, because separation from the dam takes place at weaning, which is 
thought to create a potentially dangerous and life-threatening situation for 
the infant, primes and activates the stress system of the animal to adapt to 
this situation. Whilst in the non-weaned animals remaining with the mother, 
this does not occur.
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Different stressful situations demand different emotional coping strategies. 
A number of studies have shown a role of OT in regulating active and 
passive stress-coping strategies under stressful paradigms (Ebner et al, 
2005b,a, 2002). These strategies include the capacity to affect appropriate 
responses to ‘escapable’ and ‘inescapable’ stressors. Active emotional coping 
strategies (fight or flight) are particularly adaptive if the stress is escapable 
whilst, passive coping strategies (immobility) are useful when the stress is 
inescapable (Handler et al, 2000).
Therefore, it the present study, it is possible to suggest that endogenous 
OT released within the amygdala that subsequently causes a significant 
down-regulation of OTRs in the weaned but not the non-weaned animals 
maybe involved in the generation of active stress coping during the FST 
by the weaned animals. Indeed, in order to investigate receptor-mediated 
behavioural effects of OT during forced swimming, Ebner et al (2005a) 
have shown that blockade of OTRs in the amygdala by local antagonist 
treatment significantly increases active stress-coping styles with prolonged 
swimming and reduced immobihty (Ebner et al, 2005a). This, together with 
the current results, is in line with neurochemical and behavioural studies 
showing a key role of OT within the amygdala in the regulation of emotional 
behaviours acting as an endogenous anxiolytic (Bale et al, 2001; Neumann, 
2008). As a result, changes in the oxytocinergic response to stress induced by 
weaning may represent a homeostatic stress coping mechanism that is lacking 
in non-weaned animals that may explain the depressive-like phenotype in 
these animals.
The hypothesis for this experiment was that weaning time would result 
in alterations of oxytocin receptor binding in the brain of weaned and
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non-weaned animais. The current investigation did not show any weaning 
associated changes in oxytocin receptor binding levels. It would, however 
be advantageous to also assess vasopressin receptor binding levels in future 
studies, since Curley et al. (2009) showed differences in binding of V ia 
receptors between early and delayed weaned mice. Additionally, it was 
hypothesised that stress exposure will lead to down-regulation of OTRs due 
to the known effect of stress exposure upon OT release (Ebner et al, 2005a). 
To this end, the current investigation has shown that a significant down- 
regulation only occurs in the weaned animals but is absent in the non-weaned 
groups. The results suggest differential stress-coping mechanisms by the 
weaned and non-weaned animals, with weaned groups showing active stress 
coping and non-weaned animals showing passive coping styles. One limitation 
of autoradiographic experiments is that this method only detects receptor 
binding densities and not function and does not provide information on the 
level of OT release. To further investigate and strengthen this suggestion, it 
would be of an advantage to carry out studies to determine the release of 
endogenous OT under stress conditions in both the weaned and non-weaned 
animals. Although it may be difficult to achieve with young pups, it would 
be useful to carry out in vivo microdialysis studies targeting the amygdala. 
A further approach to understand oxytocinergic stress responses in these 
animals would be to utilise OTR knock-out animals.
In conclusion, this chapter provides the first line of evidence highlighting 
the importance of the weaning process on the development and functioning of 
the stress response and stress-coping strategies via the central oxytocinergic 
system. It suggests that animals that have been weaned on the standard 
age develop functional active stress-coping strategies in comparison to non- 
weaned animals where this response is absent, which may related to the
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underlying depressive phenotype seen in these animals (Chapter 2). These 
results further support the idea of ‘advancing ontogeny’ that take place once 
weaning commences. Further investigations however are needed to pinpoint 
the direct mechanism by which weaning acts to switch on the transition from 
active to passive-coping strategies as seen here that is modulated by stress- 
induced release of endogenous OT within the amygdala. This may have 
implications in the understanding of the complex role of weaning and stress 
exposure in early postnatal phases on the oxytocinergic system and their 
role in modulating a number of behavioural effects such as depression.
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Stress on Intestinal M icrobiota
4.1 Introduction
Previous studies from our laboratory were able to demonstrate an important 
role for dietary casein in the development of the DOPr system in the 
CNS in response to change in weaning status (Goody & Kitchen, 2001). 
Subsequently, the studies performed in Chapters 2 and 3 provided evidence to 
show that non-weaned animals, with prolonged casein consumption, exhibited 
depressive-like behaviours as well as dysregulations in their oxytocinergic 
stress response systems, compared to animals weaned at the standard age. 
Together, the data suggests a key behavioural and neurochemical influence 
of changes in diet and stress in early postnatal life. Based on the increasing 
appreciation of the gut-brain axis, this chapter sought to investigate whether 
the observed behavioural features seen between weaned and non-weaned 
rats could be associated with changes in gut microbial profiles and further, 
by their metabolic activities (Chapter 5) due to alterations of external 
environmental conditions.
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It is acknowledged that both diet and stress can dramatically alter the 
composition and activity of the gut microbiota and can influence a vari­
ety of complex social and emotional behaviours and contribute to brain 
development and function in both rodents and humans (see Cryan & Dinan 
(2012); Collins et al. (2012); Foster & McVey Neufeld (2013); Bercik (2011); 
Tillisch et al. (2013)). However, the role of such external factors on gut 
microbial population and the possibility of such microbial shifts on behaviour 
remain yet to be fully understood. The intestinal microbiome is essential in 
gastrointestinal development and functioning, regulation of inflammatory 
responses and development of immune homeostasis (Ottman et al, 2012). 
The microbiome is a metabolically active organ with a diverse repertoire 
of metabolic capabilities. Indeed, this intestinal population contributes 
important biochemical flexibility to the host and is capable of influencing the 
host metabolic system (see review by Tremaroli & Backhed (2012)).
Whilst it is known that early postnatal bacterial colonisation overlaps 
with a vulnerable time in CNS and HPA axis development (Sudo et al, 2004; 
Knudsen, 2004), to date, there has been little effort placed on determining the 
influence of weaning on postnatal bacterial colonisation and its cause or effect 
on the development and functioning of the brain. It is well acknowledged that 
the process of weaning causes a major shift in intestinal microbiota (Mackie 
et al, 1999; Magne et al, 2006; Koenig et al, 2011; George et al, 1996; Favier 
et al, 2003; Palmer et al, 2007; Rist et al, 2012) and is a critical period for 
developing an appropriate immune (see Round & Mazmanian (2009)) and 
CNS (see Collins & Bercik (2009)) system in young mammals. A number of 
studies have been conducted to assess the impact of variable post-weaning 
diets upon microbial colonisation (Merrifleld et al, 2013; Rothe & Blaut, 
2013; Patrone et al, 2012). For example, Merrifleld et al (2013), have shown
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that two different protein source diets (soya and egg) after weaning piglets 
at 3 weeks of age produce a shift in urinary microbial metabolic products. 
Furthermore, Patrone et al (2012) have explored the effect of high fat versus 
a control diet after weaning in mice and have shown significant decreases in 
the abundance of Lactobacillus gasseri, an increased incidence of Clostridium 
populeti and no changes in the abundance of Bifidobacterium spp. in these 
mice (Patrone et al, 2012). These reports suggest that postnatal dietary 
factors can have an impact on the composition and metabolic activity of the 
gut microbiota.
Recent data has shown that through bidirectional interactions via the gut- 
brain axis, the microbiota is able to influence brain development, function 
and behaviour (see Bercik et al (2012) and Section 1.6). However, the 
exact mechanisms by which the brain and gut can interact are not yet fully 
understood. Probiotic bacteria such as Lactobacillus and Bifidobacterium, 
have been found to modulate stress responses and improve mood states 
(Desbonnet et al, 2010; Bravo et al, 2011; Messaoudi et al, 2011a). Moreover, 
infections with gastrointestinal pathogens, such as Campylobacter jejuni and 
Escherichia coli, during the perinatal period have been associated with 
increased anxiety-like behaviour and cognitive impairments (Goehler et al, 
2008; Bilbo et al, 2005; Sullivan et al, 2006).
Recently, a clear role for the gut microbiota modulation of behavioural 
and physical abnormalities associated with neurodevelopmental diseases 
such as autistic spectrum disorders (ASD) has been shown (Hsiao et al, 
2013). In addition, higher incidences of Clostridium histolyticum have been 
found in the faecal contents from children suffering from ASD compared to 
healthy controls (Parracho et al, 2005; Finegold et al, 2002). In relation to
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ASD, an increasing amount of evidence has been reported to show casein 
and gluten free diets to positively modulate symptoms associated with this 
neuro developmental condition (Whiteley et al, 2011; Reichelt et al, 1980). 
Moreover, the possibility of the existence of a complex gut-brain interaction 
in the aetiology of ASD via a number of possible mechanisms has been shown 
(Reichelt &: Knivsberg, 2009; Mulle et al, 2013). This data provides some 
support to the present hypothesis implicating a role for casein in behavioural 
development.
Stress has been shown to have an impact on the colonisation, composition 
and activity of the gut microbiota (Knowles et al, 2008; Bailey &: Coe, 1999; 
Bailey et al, 2010, 2011). Animal studies have for example shown that 
stress causes a reduction in the abundance of lactobacilli, resulting in an 
environment more favourable to pathogens (Bailey & Coe, 1999). It has 
been demonstrated that the HPA axis response to stress and anxiety-like 
behaviour is affected with changes or an absence of gut microbiota (Sudo et al, 
2004; Neufeld et al, 2011). For example, significant decreases in glutamate 
NMD A receptor mRNA expression in the central amygdala, an increase in 
hippocampal BDNF mRNA expression and a decrease in 5-HTi^ receptor 
mRNA expression in the dentate gyrus of GF versus SPF mice have been 
shown (Neufeld et al, 2011). The role of gut-brain communication is also 
supported by the increased comorbidity found between anxiety disorders and 
functional bowel diseases (see Wood (2007)). Collectively, these data suggest 
the gut microbiota are able to influence brain development and behaviour 
through a variety of mechanisms including neural pathways (involving the 
vagus nerve and neurotransmitter noradrenaline), immune cytokines, and 
by hormonal interaction via the HPA axis as well as a number of other 
mechanisms (Reviewed by Forsythe et al (2010), see also Section 1.6).
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The literature cited above and in Section 1.6 provides evidence to show 
that early life dietary and stress stimuli can influence bacterial populations 
within the GI tract. Moreover, strong evidence points to a positive role of 
probiotic bacteria on emotional behaviour (Heijtz et al, 2011; Desbonnet 
et al, 2010; Bravo et al, 2011; Desbonnet et al, 2008). In addition, a number 
of publications have suggested a negative role of potentially pathogenic 
bacteria such as Clostridium histolyticum spp. on behavioural development 
(Parracho et al, 2005). As a result, the aims and hypothesis for the studies 
in this chapter are as follows:
• Aims: To investigate the effect of weaning on PND21 compared 
with no weaning until PND25 and its modulation by forced-swim test 
exposure on the composition of abundant gut microbial populations 
belonging to the Bifidobacterium spp., Lactobacillus-Enterococcus and 
Clostridium histolyticum groups by fluorescence in situ hybridisation.
• H ypothesis: It is hypothesised that non-weaned animals that con­
sume more milk compared those weaned at an earlier age will exhibit 
increased levels of bifldogenic and lactic acid bacteria due to the in­
creased abundance of milk oligosaccharides. Conversely, due to the 
known positive impact of these bacterial groups on behavioural regula­
tion it is hypothsised that non-weaned animals that display emotional 
deficits will harbour decreased levels when compared with those weaned. 
Moreover, due to well-documented effect of stress on the levels of po­
tentially pathogenic bacterial groups such as Clostridium histolyticum, 
it is hypothesised that stress-exposed animals will have increased lev­
els of these bacteria which may be modulated by separate weaning 
conditions.
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4.2 M ethods
4 .2 .1  A nim als
Animals were maintained under the conditions described in Chapter 2. Only 
the samples from the groups of animals belonging to the forced swim stressed 
and non-stressed, weaned and non-weaned animals were analysed. Following 
completion of behavioural experiments (Section 2.2) and the removal of brains 
from these groups of animals (Section 2.2), the carcasses were transferred 
into a fume hood and six regions of the intestine (stomach, duodenum, 
jejunum, ileum, caecum and colon) were dissected as described below.
The experiments conducted in this Chapter, with the exception of dissec­
tion and fixation procedures, were carried out at the University of Reading, 
Food Biosciences Laboratories. All equipment and materials used in these 
experiments were commercially available. The chemical reagents used in the 
preparation of reagents were all high performance liquid chromatography 
(HPLC) grade.
4.2 .2  In testina l D issection  and Sam ple C ollection
Sterile 2 ml Eppendorf tubes in duplicates were labeled and placed in the 
fume hood over ice. All surgical equipment were sprayed with ethanol prior to 
the autopsy procedure. Approximately 30-200 mg of each intestinal content 
sample was collected. An incision was made through the abdominal skin and 
muscle wall and the intestines were unravelled onto a dissection board. To 
start, the stomach was cut around its greater curvature and the contents were 
collected using sterile forceps and weighed into the corresponding Eppendorf
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tubes. Following the stomach, samples of intestine of around 2-3 cm in length 
were taken and contents transferred to tubes from predetermined sites, in the 
following way: duodenum: 1-2 cm down from the stomach; jejunum: 10 cm 
down from stomach; ileum: 10 cm up from caecum and, colon: 3-4 cm from 
caecum. The caecum was punctured open and the contents weighed and 
transferred into the corresponding tubes. The remaining carcasses and tissue 
remnants were placed in polythene bags for containment and disposal by 
incineration. The cells were then fixed using paraformaldehyde as described 
below.
4.2.2.1 F ixa tion  P ro ced u re
To avoid high amounts of fibre within the samples, the intestinal contents of 
known weight was suspended in 600 /il of phosphate buffered saline (PBS) 
solution, mixed thoroughly by vortexing for 1 minute, then aspirating with a 
1 ml pipette tip. The samples were then centrifuged at 200 g for 2 minutes 
and the supernatants were collected into separate 2 ml Eppendorf tubes. 
This procedure was repeated two more times and each supernatant was 
added to the 2 ml tube. The resulting supernatant was then centrifuged 
for 5 minutes at 13000 g. The supernatant was discarded and the pellet 
was resuspended in 750 /il of PBS. Half (375 /il) of this suspension (in 
duplicate) was then added to 1125 /il of 4% paraformaldehyde (PFA, Sigma, 
UK) solution. The 4% PFA solution was prepared by transferring 2 g of 
PFA powder into a 50 ml Duran bottle and adding 30 ml of sterile distilled 
water and 100 /il of 1 M NaOH solution, and dissolved in a 50°C waterbath. 
Once the PFA powder dissolved, 100 /il of 1 M HCl solution and 16.6 ml 
of 3 X  PBS solution was added and made up to 50 ml with sterile distilled
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water. The PFA solution was then filter-sterilised through a Millex® 0.22 
fim Millipore syringe filter into a sterile container. All samples were vortex 
mixed and stored at 4°C for 4-8 hours.
The samples were removed from the 4°C refrigerator and centrifuged at 
13000 g for 5 minutes. The supernatant was then carefully removed and the 
pellet resuspended in 1 ml of 1 x PBS. The samples were centrifuged twice 
at 13000 g for 5 minutes. All the resulting supernatants from the tubes were 
carefully removed and the pellets were thoroughly resuspended in 150 /il of 
1 X  PBS, and 150 /il of ethanol was then added. The samples were vortex 
mixed and stored at —20°C for subsequent fluorescence in situ hybridisation 
(FISH).
4 .2 .3  F luorescence in situ  hybrid isation  (FISH )
4.2.3.1 Reagents
The methods described for FISH in this chapter are based on that of Daims 
et al. (2005). The following reagents were prepared prior to the commence­
ment of experiminatal procedures.
R eagent C oncen tration S torage
Tris-HCl (pH 8.0) 1 M RT
NaCl 5M RT
Ethanol 50,80, 96% (v/v) RT
EDTA 0.5 M RT
SDS 10% RT
PBS/SDS (pH 7.2) 10% (SDS) RT
Lysozyme Img/ml -20°C
T a b le  4 .1 :  List o f  reagents required for FISH. RT: Room  Tem perature
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The following hybridisation conditions for the oligonucleotide probes used 
in this experiment are provided in Table 4.1. Details for the bacteria 
targeted by individual probes used can be found in the relevant publications 
listed and further sequence databases can be found via ProbeBase (h ttp  : 
/ / WWW.m icrob ial-eco logy .ne t/p ro b eb ase /) .
4.2.3.2 Dehydration and fixing of samples to slides
Prior to the initiation of experiments appropriate dilutions were determined 
empirically in triplicate slides for each probe and intestinal region. Ta­
ble 4.3 shows the dilutions of samples that were applied to the wells in 
this investigation, and these dilutions were used throughout the rest of the 
experiments.
On the day of the experiment, the samples stored in PBS/ethanol at 
—20°C were defrosted and placed on ice. Samples were dispersed by vortexing 
thoroughly, and diluted according to Table 4.3 with sterile PBS/SDS diluent 
and vortex mixed. Diluted samples (20 /il) were carefully applied to each 
well of the Teflon- and poly-L-lysine-coated, 6-well, 10-mm diameter slides 
(Tekdon Inc. Myakka City, FL, USA) with the appropriate samples. The 
slides were then dried for ~  15 minutes at 46-50°C on a desktop plate 
incubator. The cells requiring lysozyme treatment (see Table 4.2) were 
treated at this stage.
To ensure sufficient permeabilisation of the cell envelope to allow probes 
to enter the cells efficiently, some Gram-positive bacteria require enzy­
matic treatments prior to the hybridisation step (i.e. Labl58 and Bifl64). 
Lysozyme hydrolyzes (1-4-4) linkages between A-acetylmuramic acid and 
A-acetyl-D-glucosamine residues in peptidoglycan. Gram-positive cells are
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P rob e R eg ion (s) A nim al group D ilu tion
Ileum, jejunum, duodenum, stomach Weaned 1:5
Bifl64
Colon and caecum Weaned and non-weaned 1:30
Ileum, jejunum, duodenum Non-weaned 1:10
Labi58 All six regions Weaned and non-weaned 1:30
ChisiaO All six regions Weaned and non-weaned 1:10
EUB MIX Ileum, colon, caecum Weaned and non-weaned 1:300
Jejunum and duodenum, stomach Weaned and non-weaned 1:200
Table 4.3: Sam ple dilutions used for FISH analysis.
susceptible to this hydrolysis as their wall has a high proportion of pep­
tidoglycan compared with Gram-negative bacteria that posses a thinner 
peptidoglycan membrane. In order to treat the cells with lysozyme, an aliquot 
of the prepared lysozyme was defrosted and 20 /A of lysozyme was added to 
each well and incubated on a desktop plate incubator for 15 minutes. The 
slides were then dipped into distilled water to remove the lysozyme.
All slides were then immersed fully into 50, 80 and 96% (v/v) ethanol for 
3 minutes each. The dehydrating effect of the ethanol concentration gradient 
disintegrates cytoplasmic membranes, which thus become permeable to 
oligonucleotide probes. The shdes were then dried for 2 minutes at 46-50°C 
on a desktop plate incubator.
4.2.3.3 H ybrid isa tion  of probes to  sam ples
The Boekel InSlide Out™ Slide hybridisation oven (Progen Scientific, U.K) 
was turned on 20 minutes before the hybridisation step and set at the 
appropriate temperature for each probe (see Table 4.2). A piece of absorbent
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paper towel was soaked with ~50 ml of distilled water and placed in the 
bottom of the hybridisation tray, ensuring it was flat.
4.2.3.3.1 P re p a ra tio n  of hybrid isa tion  buffer
Table 4.4 below shows the components needed for the hybridisation buffer. 
Formamide (35%) was only used with a mixture of EUB338 (MIX) probes. 
This was done to achieve the correct hybridisation stringency ensuring 
probe specificity. The volume required for all slides were calculated accord­
ingly.
Volume (/il)
C om ponent 0% Form am ide 35% Form am ide
5 M NaCl 180 180
1 M Tris-HCl (pH 8.0) 20 20
Formamide 0 350
Double distilled H2O 799 499
10% SDS 1 1
Table 4.4: C om position  o f  hybridisation buffer in FISH. V olum es given are required 
for 2 slides. T h e  SD S  solution w as added last to  inhibit precipitation.
Oligonucleotide probes were thawed in the dark and 5 /il of probe was 
added to 50 /il of hybridisation buffer and mixed by inversing three times. 
A master mix containing sufficient probe/hybridisation buffer was prepared 
by calculating the amount needed to cover all slides. From this mix, 50 
/il of probe mixture was applied onto each well containing the dehydrated 
sample. The slides were placed onto the slide holders with the samples facing 
upwards. The lid of the slide tray was sealed ensuring it was airtight, to 
ensure no evaporation of the probe/hybridisation mixture occurs. The trays 
were placed in the oven and incubated for 4 hours.
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4.2.3.4 W ashing, D rying  and  S torage
4.2.3.4.1 P re p a ra tio n  of W ash Buffer
Immediately after placing the slide trays in the incubator, sufficient 
amounts of wash buffer was prepared as shown below (Table 4.5) in 50 
ml centrifuge tubes. EUBMIX required 35% formamide and so EDTA was 
added to capture trace amounts of divalent cations, which frequently occur 
and reduce the stringency of the washing step because they stabilise the 
DNA-RNA hybrids. The wash buffers were then placed in the corresponding 
temperature in a water bath (see Table 4.2).
Volume (ml)
C om ponent 0% Form am ide 35% Form am ide
5 M NaCl 9.0 0.70
I M Tris-HCl (pH 8.0) I 1
0.5 M EDTA 0 0.5
Double distilled H2O 40 47.8
10% SDS 1 1
Table 4.5: C om position  o f  w ash buffer in FISH. V olum es given are for 2 slides only  
and prepared in 50  ml centrifuge tub es.
Immediately prior to the removal of slides from the incubators, a centrifuge 
tube containing 50 ml of distilled water was placed over ice. At this point 20 
fil of 4’-6-diamidino-2-phenylindole dihydrochloride (DAPI; 50 ng fA'^) was 
added to the wash buffer tubes. DAPI was then added to the wash buffer to 
allow cells to be found easily on the microscope slides. DAPI binds to the 
minor groove (at A-T bonds) of double-stranded DNA, staining the DNA 
molecules of the bacteria (Kapuscinski, 1995).
Once the incubation was complete, the hybridisation tubes were removed 
from the oven and the slides rapidly transferred into the wash buffers in 
the water baths. This step was carried out quickly to reduce cooling of the
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hybridisation buffer on the slide that may cause a reduction in the stringency 
and non-specific binding of probes to non-target organisms. Two slides 
were placed back to back into the 50 ml centrifuge tube for 10-15 minutes. 
Using tweezers, the slides were then taken out of the wash buffers and 
immersed rapidly into the ice cold distilled water for 2-3 seconds. This step 
ensured all residual washing buffer was removed which might otherwise cause 
crystal formation on the slides thus hampering microscopic visualisation 
of fluorescing cells. The low ionic strength of distilled water destabilises 
nucleic acid duplexes, and the cold minimises dislocation of probes from the 
ribosomes of their target organisms (Daims et al, 2005).
The slides were then placed on paper towels and dried using a stream of 
compressed air. Antifade (5 //I) was then added to each well and a cover- 
slide was applied by gently pressing over the samples to carefully remove 
any bubbles being formed by the antifade. Slides were transferred to slide 
boxes and placed in the fridge overnight before microscopy.
4 .2 .3 .5  M icroscop ic  V isu a lisa tio n
The stained sections were inspected in a dark room using an EPI-fluorescence 
Eclipse E400 Nikon microscope (Nikon, U.K., Kingston-upon-Thames, U.K) 
equipped with a 100 x Plan Apochromât oil objective lens and a HBO 
100-W vapor lamp. Cy3-stained cells were viewed with immersion oil under 
X  100 magnification with the use of a Green excitation filter (510 nm 560 
nm) and the DAPI-stained cells were examined under ultraviolet (UV) light 
(330 nm 380 nm). Bacterial cells from fifteen random microscopic fields of 
view were counted per sample and used for the calculation of the number of
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cells in sample (g intestinal sample)"^ using the formula
logiQ(bacteria /  ml of sample) =  0.8 x A x 6732.42 x 50 x B ,
where A  is the average number of cells counted per field of view, B  is 
the dilution factor (e.g. 20 if 1 in 20 dilution used) and 6732.42 is the 
magnification constant of the microscope. 0.8 is the dilution factor which 
was initially used (i.e. 375 fA of sample into 150 fA PBS and 150 fA ethanol 
300/375) and 50 fA was used in the calculation as 20 fA of sample was applied 
to the slide and so bringing the total to 1 ml.
4 .2 .4  D a ta  A nalysis
Differences in log^o of bacterial counts were analysed separately for individual 
probes using a mixed modelling procedure with intestinal region as the 
repeated measure with unstructured variance covariance matrix, and with 
the following effects as independent variables: ‘region’; ‘weaning’; ‘region’ 
X  ‘weaning’; ‘stress’; ‘region’ x ‘stress’; ‘weaning’ x ‘stress’ and ‘region’ x 
‘weaning’ x ‘stress’. Linearised normal distribution curves for modelling 
residuals were plotted in order to check that modelling assumptions were 
met. The Labl58 data were found particularly to result in non-normally 
distributed residuals. Therefore, in this case only, the square root of the 
bacterial counts was used as this was found to be a suitable alternative 
to logio of bacterial counts (used for all other individual probes) for the 
modelling of the dependent variable. Bonferroni adjustments were made 
for the set of comparisons to be examined within each interaction. All 
analyses were conducted using the SAS Software Version 9.1.3 using the 
MIXED procedure (Statistical Analysis System Institute, Cary, NC, USA).
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A Bonferroni-adjusted p value of less than 0.05 was accepted as statistically 
significant. All data were expressed as mean ±  SEM.
4.3 R esu lts
4.3 .1  A ssessm en t o f  Total B acter ia
Statistical analysis of the log^ Q of total bacterial counts revealed a sig­
nificant ‘weaning’ x ‘stress’ interaction 20) =  4.49; p =  0.0468] as 
well as a significant interaction between ‘region’ x ‘weaning’ x ‘stress’ 
[E(4 17) =  3.94; p =  0.0193] with non-weaned stressed animals harbouring in­
creased total numbers in the jejunal contents compared to their non-stressed 
counterparts (Figure 4.1).
4.3 .2  A ssessm en t o f Clostridium histolyticum  G roups
Analysis of Chisl50 probe counts, showed a significant overall ‘weaning’ 
[E(i,20) =  14.76; p =  0.001] and ‘stress’ [E(i 2o) =  92.26; p < 0.0001] main 
effects as well as a significant ‘region’ x ‘stress’ [^(4,17) =  8.47; p =  0.0006] 
and a ‘weaning’ x ‘stress’ [E(i 20) =  9.08; p =  0.0069] interaction effect 
irrespective of region (‘region’ x ‘weaning’ x ‘stress’ [^(417) =  1.84; p =  
0.1681]).
Overall, in non-weaned rats not exposed to forced swim stress, C. his­
tolyticum numbers were significantly lower compared to the weaned animals. 
Chisl50 logio counts were elevated in response to stress, with these increases 
being far more pronounced in the non-weaned animals compared to those 
weaned (Figure 4.2).
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Total Bacteria (EUB338)
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Figure 4.1: A ssessm en t o f to ta l bacteria. T h e com position  o f to ta l bacteria w ithin  
different gut com partm ents o f  stressed and non-stressed weaned and non-weaned animals. 
A m ixture o f EUB 338 I, II & III were used for th e  enum eration o f  to ta l bacteria in 
co n ten ts  obtained from six different regions o f  th e  intestine o f  th e  study anim als. All 
data expressed as m ean log^g cells (g  w et w eight o f  intestinal content)'^ , ±  S.E .M  
(n  =  6 per group). A Mixed m odelling procedure ('region' x ‘w ean ing’ x ‘stress') w ith  
Bonferroni ad ju stm en ts w as applied. A p  value o f  less than 0 .0 5  w as accepted  as 
statistica lly  significant. **p <  0 .01 . Abbreviations: NS, non-stressed; 5, stressed.
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Clostridium histolyticum (Chis150)
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Figure 4.2: A ssessm en t o f Clostridium histolyticum groups. T h e  com position  o f  
Clostridium histolyticum bacterial groups within different gut com partm ents o f stressed  
and non-stressed weaned and non-weaned animals. T he C h isl50  probe was used for the  
enum eration o f  C. histolyticum spp. in co n ten ts obtained from six different regions o f  
the intestine o f the study animals. All data expressed as mean log^g cells (g  wet weight 
o f  intestinal content)'^ , ±  S.E .M  (n  =  6 per group). A Mixed m odelling procedure  
( ‘region’ x  ‘w ean in g’ x  ‘stress’) with Bonferroni ad ju stm ents w as applied. A p  value  
o f less than 0 .05  w as accepted as statistically  significant. ***p < 0 .0 0 1 . Abbreviations: 
NS, non-stressed; S, stressed.
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4.3 .3  A ssessm en t o f Lactobacillus-Enterococcus G roups
Analysis of Labl58 probe counts revealed a significant ‘weaning’ main 
effect [E(i 2^ 0 ) =  10.11; p  — 0.0047] and significant ‘region’ x ‘weaning’ 
[E( 4  1 7 ) =  2.99; p  =  0.048] and ‘region’ x ‘stress’ [^(4 1^ 7 ) =  4.00; p  =  0.0182] 
interaction. In the jejunum of the weaned animals, stress significantly de­
creased Labl58 counts. These observations were not seen in the non-weaned 
groups (Figure 4.3).
Lactobacillus-Enterococcus (Lab158)
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o uj
§"8
" I
a
IO.O1
9.5 
9.0H
8.5 
8.0 
7.5i 
7.0
**
I---------- 1
X
■ i n  ^ 1 1
stomach Duodenum Jejunum Ileum Caecum Colon
Figure 4.3: A ssessm en t o f  Lactobacillus-Enterococcus groups. T h e  com p osition  
o f  lactobacilli and en terococci within different g u t com partm ents o f  stressed  and 
non-stressed  w eaned and non-w eaned anim als. T h e  probe L a b l5 8  w as used for th e  
enum eration o f  Lactobacillus-Enterococcus spp. in th e  co n ten ts  obtained from six 
different regions o f the intestine o f the study animals. All data expressed as mean lo g io  
cells (g  w et w eight o f  intestinal content)'^ , ±  S.E .M  (n  =  6 per group). A Mixed 
m odelling procedure ('region' x  'weaning' x  ‘stress’) with Bonferroni adjustm ents w as 
applied. A p  value o f less than 0 .05 was accepted as statistically  significant. **p <  0 .01. 
Abbreviations: NS, non-stressed; S, stressed.
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4 .3 .4  A ssessm en t o f Bifidobacterium  G roups
Analysis of counts from the Bifl64 probe showed a significant ‘weaning’ 
X  ‘region’ interaction [E(4 ,i7 ) =  4.38; p =  0.0129] with non-weaned rats 
harbouring significantly greater numbers in the ileal contents compared to 
the weaned rats (Figure 4.4).
Bifidobacterium (Bif164)
□  Weaned (NS) ■  Weaned (S)
■  Non-weaned (NS) □  Non-weaned (S)
Stomach Duodenum Jejunum Ileum Caecum Colon
F ig u r e  4 .4 :  A ssessm ent o f Bifidobacterium groups. T he com position o f  bifidobacteria 
within different gut com partm ents o f stressed and non-stressed weaned and non-weaned  
anim als. T h e  probe B if l6 4  w as used for th e  enum eration  o f  Bifidobacterium spp. in 
co n ten ts obtained from six different regions o f th e  intestine o f  th e  study anim als . All 
data expressed as m ean log^g cells (g  w et w eight o f  intestinal content)'^ , ±  S.E .M  
(n  =  6 per group). A Mixed m odelling procedure ( ‘reg ion’ x  ‘w ean in g’ x  ‘stress')  
with Bonferroni adjustm ents w as applied. A p  value o f  less than 0 .05  was accepted as 
statistica lly  significant. *p < 0 .0 5 . Abbreviations: NS, non-stressed; S, stressed.
Collectively, the results obtained here demonstrate higher bihdobacterial 
levels in ileal contents of the non-weaned animals compared to the weaned.
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with stress having no effect. The numbers of lactobacilli and enterococci 
are lower in the jejunal contents of the stressed weaned animals compared 
to the non-stressed counterparts, and thus for this group, a stress effect 
has been shown. Furthermore, C. histolyticum groups were higher in most 
intestinal regions of the weaned animals compared to their non-weaned 
animals. Furthermore, results show that the amplitude of clostridial increases 
is greater in the non-weaned animals compared to the weaned, under forced 
swim stress conditions.
4.4 D iscussion
The aims of this study were to assess the impact of weaning and stress 
exposure on the composition of several representative groups of intestinal 
microorganisms along the GI tract that have previously been implicated 
to modulate neurobehavioural development. This is the first study to 
demonstrate that animals that are not weaned from maternal milk supply 
comprise significantly lower C. histolyticum bacterial numbers but show a far 
more sensitive stress-induced increase in these bacterial numbers compared 
to those animals that are weaned on PND21 (Figure 4.2).
Since milk is known to have prebiotic properties (Roger & McCartney, 
2010; Balmer et al, 1989; Petschow & Talbott, 1990; Lonnerdal, 2003), and 
has been shown to have a positive impact on behaviour, the abundance 
of Lactobacillus - Enterococcus and Bifidobacterium spp. in the intestinal 
contents of weaned and non-weaned animals were studied. In the present 
study, one would have expected to observe increases of lactobacilli and 
bifidobacteria in the intestinal contents of the non-weaned animals due to
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increased milk ingestion by these animals. However, negligible variation 
was observed between the animal groups indicating that an additional four 
days of milk exposure was insufficient to increase the abundance of these 
bacterial genera (Figures 4.3 and 4.4). It was found that the levels of 
ileal bifidobacteria were higher in the non-weaned animals that were not 
stressed compared to their weaned counterparts, whilst weaning alone had 
no effect on the numbers of Labl58 probe counts in any region analysed. 
Rist et al. (2012), using real-time PCR determined the impact of feeding 
change in piglets with high and low casein levels amongst Lactobacillus 
spp., Clostridium spp., Enterobacteriaceae and Bacteroides groups in ileal 
and faecal digesta. They reported no interaction between feeding level and 
protein source expect for the Bacteroides groups in ileal digests and lower 
Clostridium coccoides in the higher casein-fed groups (Rist et al., 2012). 
However, they also reported increases in lactobacilli numbers in the ileal 
contents of the high casein fed groups, an observation not seen in the present 
study. The discrepancy here could be due to the species (piglets compared 
to rats) or the intake of total soy-bean meal in the low casein groups, as 
compared to the standard rat chow diet as per our study. Rist et al. (2012), 
have indicated that protein casein levels affect microbial composition in the 
small intestine.
The present study showed that non-weaned animals harboured increased 
ileal bifidobacteria compared to the weaned animals, with stress having no 
effect (Figure 4.4). It is of importance to state that bifidobacteria have the 
ability to survive passage through the upper GI tract. Pochart et al. (1992) 
have in their study demonstrated that after milk ingestion the ileal flow 
of bifidobacteria increase significantly indicating that Bifidobacterium spp. 
can survive transit through the GI tract (Pochart et al, 1992). Although
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several studies have provided evidence to suggest that stress exposure leads to 
decreased numbers in bifidobacterial groups (Bailey & Coe, 1999; Bailey et al, 
2011, 2004) and ingestion of bifidobacteria to lead to beneficial behavioural 
effects (Messaoudi et al, 2011b; Desbonnet et al, 2010, 2008; Bercik et al, 
2011b), in the present study, we have not observed a stress effect upon 
bifidobacterial counts. These results suggest that exposure to acute stress 
does not trigger alterations in the abundance of these species within or 
between the weaned and non-weaned animals at this postnatal age. It should 
be noted that Desbonnet et a l (2008) have only observed antidepressant 
effects associated with B. infantis after administering a dose of 1 x 10^° live 
bacterial cells to the animals every day for 14 days. Therefore, continuation 
of exposure to maternal milk over 25 days of age in the present study would 
be interesting to investigate in order to ascertain possible behavioural effects 
associated with bifidobacteria. Accordingly, in relation to the number of 
lactobacilli, Konstantinov et al (2004) have provided evidence to show that 
a period of 10 days is needed to allow detection of dietary-induced changes in 
levels of Lactobacillus spp. in the microbial communities of weanling piglets 
(Konstantinov et al, 2004).
In contrast, the levels of jejunal lactobacilli decreased as a result of stress 
exposure in the weaned groups. Stress in various forms has been repeatedly 
shown to alter the structure as well as the composition of intestinal micro­
biota such that the abundance of bifidobacteria and lactobacilli are reduced 
following stress exposure (Bailey & Coe, 1999; Bailey et al, 2011). O’Mahony 
et al (2009) have specifically shown that stress exposure during early life 
alters microbiota and behaviour in rats (O’Mahony et al, 2009).
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These results are in line with the work of Bailey Sz Coe (1999) who showed 
maternal separation stress to cause significant decreases in the number of 
lactobacilli, which also persisted for up to 3 days post separation. They 
showed that this drop was correlated with the display of stress-indicative 
behaviours (Bailey & Coe, 1999). In addition, Bailey and Coe showed that 
infant animals that displayed this stress-indicative behaviour were more 
susceptible to bacterial infection (Bailey & Coe, 1999). Indeed, studies have 
demonstrated the inhibitory action of Lactohacillus-Enterococcus species on 
the growth of enteropathogenic bacteria such as Clostridium spp. through 
the production of specific bacteriocins (Klaenhammer, 1993; Ten Brink et al, 
1994). The fact that this effect is only observed in the jejunum of weaned 
animals and not the non-weaned could be a noteworthy observation.
Populations of bacteria belonging to the C. histolyticum group were found 
to be significantly lower in the non-weaned animals compared to those 
weaned (Figure 4.2). These findings are comparable to other studies that 
have demonstrated weaning to expand the diversity of the microbiota and 
promote the growth of clostridia (Roger & McCartney, 2010), suggesting that 
the differences observed in this study may well be due to a nutritional change 
that takes place as weaning commences. However, the results also showed a 
significant stress effect upon the growth of these members of bacteria.
The FST was used in Chapter 2 (see Section 2.2.2.2) to measure depressive- 
like behaviour. This paradigm is also known to act as an acute stressor in 
rodents. In the present study, swim stress induced a marked elevation in 
the abundance of bacteria belonging to the C. histolyticum group, an effect 
which was found to be modulated by weaning. Stress-induced elevations in 
clostridial populations have been reported previously (Bailey et al, 2011).
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In the present study, non-weaned rats, which initially harboured lower C. 
histolyticum levels, were far more sensitive to this bacterial proliferation 
with elevations witnessed throughout the most of the gastrointestinal tract. 
In other words, the amplitude of stress-induced increases were much more 
pronounced in the non-weaned groups compared to the weaned.
It is not clear, however, if this effect is linked to the observed behavioural 
phenotype. Nonetheless, given that stress-induced bacterial translocation 
has been linked to mood disorders such as depression (Bailey et al, 2011; 
Maes, 2008; Mass et al, 2008; Collins et al, 2010), it would be intriguing to 
suggest a possible involvement to the behavioural phenotype observed here. 
To this end, the effect of the gut microbiota on the host immune system 
and in regulating behaviour via the gut brain axis has been documented 
(see Bercik et a l (2012)). For example, Bailey et a l (2011) have shown 
stress-induced increases of clostridia together with increases in levels of 
circulating cytokines. In turn, this was shown to result in the translocation 
of bacteria (and/or their products) as well as in abnormalities of mucosal 
architecture (Janeczko et al, 2008). Furthermore, the sympathetic nervous 
system (SNS) has been shown to be involved in bidirectional communication 
between the gut and brain and to facilitate the regulation of gut function 
and stress-induced SNS activity has been shown to impact gut motility and 
secretion and impact the composition and stability of the gut microbiota 
(Lomax et al, 2010). Noradrenaline, a SNS-derived catecholamine, that 
mediates acute stress effects has been shown to stimulate the growth of 
many enteric bacteria including the Clostridium genus (Freestone et al, 
2008; Lyte, 2004), which were found to be increased in the stressed groups in 
our current study. This provides further evidence to support stress-related 
mechanisms underlying the observed increase in Chisl50 probe counts in
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the non-weaned animals and correlates well with our previous observations 
showing depressive-like behaviours and impaired stress-coping responses in 
these animals.
Clostridia are recognised as a group of toxin-producing bacteria. Specifi­
cally, it is known that C. histolyticum produce five toxins including alpha, 
beta, delta, gamma and epsilon (Hatheway, 1990). Theoretically, toxin prod­
ucts may be over expressed under stress conditions in these study animals, 
with higher levels being generated in the non-weaned animals. This may 
lead to increased levels in the blood stream exerting systemic effects. As 
such, it has been suggested that gut microbial imbalance, such as presence 
of toxin-producing Clostridium species, could contribute to the behavioural 
symptoms of ASD (Sandler et al, 2000). There are currently no studies 
that have demonstrated an effect of stress on the C. histolyticum toxins and 
investigations into the production of such toxins are clearly warranted.
In the present study only a selection of bacterial groups were targeted for 
analysis using FISH. The advantage of this technique is that it is both highly 
sensitive and quantitative and provides information on the presence of specific 
populations and the relative numerical contribution of specific populations 
to the total community. The Chisl50 probe used in the current study targets 
most members of Clostridium clusters I and all members of the Clostridium 
cluster II (for a phylogénie tree illustrating the target groups of the Chisl50 
and related species the reader is referred to Franks et al. (1998)). As a result, 
in order to detect the microorganisms and discriminate at a species and 
sub species level, alternative molecular methods such as PCR can be used. 
Further, next generation sequencing techniques, such as metagenomics, have 
become commonly used and implement parallel sequencing techniques that
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can explore the full range of the diversity of the gut microbiota without 
the use of PCR, The implementation of functional metagenomics studies in 
future would be of a great advantage (see Handelsman (2004)).
FISH method was used in the present study due its ability for the rapid de­
tection of actual composition of the natural communities and no requirements 
for cultivation techniques. This method is highly sensitive and quantitative 
and requires no PCR amplification since there are many gene copies in 
the sample of interest. In addition, this is the method of choice for ex­
periments where only known species are intended for quantification. The 
hypothesis for the experiments within this chapter included the ability of a 
milk-rich diet and the availability of bifidus factors to increase the growth 
of bifiobacteria and lactobacilli in the non-weaned animals. However, the 
current investigation only showed negligible changes, suggesting that an 
extra 4 days of milk intake may be insufficient to cause a change in the 
levels of these species of bacteria. The hypothesis in relation the assessment 
of clostridial species in the present study was that an increase in levels 
of these potentially pathogenic bacterial species would be observed in the 
non-weaned animals exhibiting emotional deficits as well as in those animals 
under stress conditions. In line with this the current protocol used has shown 
a marked stress-induced increase in the non-weaned groups in almost all 
regions analysed. However, it is of importance to note that the basal levels 
of the clostridial species in the non-weaned groups (in unstressed conditions), 
was lower when compared to the weaned animals.
The current microbiological study has identified significant microbial 
(Clostridial) differences induced by weaning. Weaning-induced changes 
in populations of clostridia are sensitive to stress and this may underlie
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the observed differences in behavioural phenotypes and stress responses. 
However, it does not yet provided direct evidence to indicate the mechanisms 
by which these bacterial species could modulate behaviour via communication 
through the bidirectional gut-brain axis. Since the role of dietary casein 
and its products were suggested to be implicated in the pathogenesis of 
the phenotypes observed in the previous studies, it is essential to attempt 
to understand ways in which this diet may influence host microbial and 
metabolic activity. Dietary nutrients may be converted into metabolites by 
intestinal microbes that serve as biologically active molecules that have been 
shown to regulate many functions in the host (Nicholson et al, 2012). One 
of the ways in which the gut and brain are linked is through a chemical 
dialogue via these bioactive bacterial metabolites (see Section 1.6.3). One 
way in which these molecules can be detected is by use of metabolic profiling 
techniques (see Chapter 5).
In conclusion, this study is the first to demonstrate that early life envi­
ronmental stimuli such as weaning duration and stress exposure are able to 
differentially impact the gut microbial composition of the host. Non-weaned 
animals remaining with the dam up to PND25 contain significantly less C. 
histolyticum bacterial numbers compared to the weaned animals but are 
far more sensitive to stress-induced increases compared to their weaned 
counterparts. Whether the alterations in depressive-behaviour and stress- 
coping responses observed in these animals is associated with the changes 
in C. histolyticum groups however, remains to be elucidated. Nonetheless, 
this study highlights a clear influence of postnatal environmental stimuli on 
the composition of the gut microbiota, implicating early life events such as 
weaning practices and stress exposure as important mood regulatory factors. 
Interventions involving microbial-based strategies such as use of probiotics or
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antibiotics will result in reduction of the risk in developing such disorders, as 
well as aiding in the development of therapeutic treatments for stress-related 
psychiatric disorders.
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5 M etabonom ic Analysis of 
Biofluids A ssociated w ith  
W eaning and Stress A lterations 
in R ats
5.1 Introduction
Metabolic profiling (metabonomics) studies can provide novel insights into the 
functional state of the biological system. Usually, metabonomics analyses are 
‘non-targeted’ or ‘explorative’ and provide a hypothesis-free global overview 
of the abundant metabolites in the sample of interest and allow establishment 
of changes in metabolic fingerprints in response to, for example, changes in 
diet or disease, to be determined (Nicholson & Wilson, 2003). In addition, 
metabolic profiling techniques have been successfully used in the discovery 
of biomarkers of a number of neuropsychiatrie and neurodevelopmental 
disorders such as depression (Quinones & Kaddurah-Daouk, 2009; Zheng 
et al., 2010), and autism spectrum disorders (Ming et al., 2012). These 
studies are conducted using high-resolution analytical techniques, such as 
nuclear magnetic resonance (NMR) spectroscopy, combined with multivariate
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data analysis. This enables the dynamic multi-parametric responses of 
living organisms to pathophysiological stimuli and subsequent metabolic 
perturbations to be elucidated (Nicholson et al., 1999).
A number of environmental factors such as stress, diet and gut microbial 
community have been shown to affect the metabolic signatures of mammalian 
biofluids. In addition, by integrating microbial and metabolic profiles, 
correlations between specific bacterial groups and panels of metabolites can 
be determined (see Holmes et al. (2008)). In this chapter, the potential for 
weaning duration and stress to influence the host metabolic system will be 
studied.
The intestine has a crucial role in the digestion and absorption of nutrients 
and multiple compartments of the intestine are structurally and functionally 
distinct. However, little information is available on the biochemical com­
position of the different parts the intestine or on their response to various 
environmental influences (Bragg et al, 1990). Both diet and psychophysio- 
logical stress are known to influence the structure and the function of the 
intestine (Sudo et al, 2004; Bragg et al, 1990) with subsequent impact on 
host metabolic phenotypes (Rezzi et al, 2009; Teague et al, 2007; Wikoff 
et al, 2009). These metabotypes can then be used to compare communities 
in a biological context where direct functional information can be obtained 
that are associated with the gut microbiota.
As discussed in Sections 1.6.3 and 4.1, one area of growing interest has 
been the ability of both host and microbial metabolites to influence brain 
and behaviour via the gut-brain axis. Metabolic profiling of biofiuids and 
tissues can detect changes in microbial activity through modulations in
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microbial products such as cresols, biogenic amines, and short chain fatty 
acids (SCFAs).
Through metabolic profiling the functionality of the gut microbiome and 
its biochemical dialogue with the host can be studied. Currently, the exact 
pathways and mediators of how alterations in gut microbiota could affect 
behaviour remain to be fully elucidated. One of the ways by which bacteria 
might modulate brain neurochemistry and behaviour is through production 
of specific neuro-active metabolites (Lyte, 2011; Barrett et al, 2012a; Hsiao 
et al, 2013). Here, metabonomic techniques can be used to study the function 
of complex microbial communities through survey of their metabolic profiles 
and thus aid in the characterisation of the specific effects of the gut bacteria 
(as well as endogenous metabolism) in health and disease.
Hsiao et al (2013) have in their study provided strong evidence to suggest 
that gut microbes regulate metabolites that can alter behaviour in animals 
and have shown a contribution of the microbiota on the pathophysiology 
of neurodevelopmental disorders. Specifically these authors have shown 
that Bacteroides fragilis can correct gut permeability induced by maternal 
immune activation which then leads to an altered microbial composition 
and ameliorates defects in anxiety-like, social, stereotypic and sensorimotor 
behaviours in the offspring. Furthermore, these authors were able to show 
that that these offspring display altered serum metabolic profiles and that 
B. fragilis was able to modulate levels of several of these metabolites. Inter­
estingly these investigators also showed that treatment of naïve mice with a 
metabolite (4-ethylphenylsupfate) that was increased by maternal immune 
activation and was then restored by B.fragilis, resulted in behavioural ab­
normalities, suggesting that gut bacterial effects on the host metabolome
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can have a profound impact on behaviour. Together, these results support a 
gut-microbiome brain connection in mouse models of behavioural disorders 
whilst identifying potential therapeutic benefits of probiotic bacterial in 
neurodevelopmental disorders (Hsiao et al, 2013).
The previous chapters have demonstrated that non-weaned postnatal 
rats exposed to prolonged maternal milk ingestion exhibit depressive-like 
phenotypes (Chapter 2) and show aberrations in stress-response mechanisms 
through the OTR system (Chapter 3) compared to those weaned at a 
standard age on PND21. Moreover, non-weaned animals were more sensitive 
to stress-induced gut microbial proliferation, with profound increases in the 
rate of growth of C. histolyticum groups (Chapter 4). As a result the aims 
and hypothesis for the study in this chapter are as follows:
• Aims: To investigate the effect of weaning on PND21 compared with 
no weaning until PND25 and its modulation under different behavioural 
test conditions, including forced-swim stress exposure on the metabolic 
profiles in urine, faecal and plasma samples using ^H-NMR-based 
matabonomics. Whereby, in addtions to host endogenous mammalian 
metabolites, the contribution of gut microbial cometabolites in these 
biofiuids will be assessed.
• H ypothesis: Metabolic profiling studies are hypothesis-free where 
only known compounds can be profiled. Using pattern recognition and 
multivariate analysis techniques, the metabolic responses to various 
conditions (e.g. weaning or exposure to stress) can be achieved and in 
turn the biochemical networks perturbed can be detected.
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5.2 M ethods
5.2 .1  A nim als
Animals were maintained under the conditions described in Chapter 2, 
Section 2.2.1. The urine and faecal samples were collected from each animal 
by placing the rats individually in metabolic cages for 24 hours as described 
in Section 2.2.1. The plasma samples were collected prior to brain dissection 
as described in Section 2.2.1. The urine, faecal and plasma samples were 
then prepared for NMR spectroscopy as follows according to the protocols 
provided by Beckonert et al (2007). All experiments were carried out at the 
University of Reading, Chemical Analysis Facility.
5.2 .2  Sam ple P reparation
5.2.2.1 Urine N M R  Protocol
In order to provide some stabilisation of pH, urine samples were mixed with 
a phosphate buffer (pH 7.4). The phosphate buffer was prepared by weighing 
28.86 g of disodium hydrogen phosphate (Na2HP04), 5.25 g of monosodium 
phosphate (NaH2P04), 0.193 g of sodium azide (NaNg) and 0.172 g of TSP 
(1 mM), made up to volume in 500 ml H2O and 500 ml D2O (v/v) and 
mixed. The urine samples were defrosted from —80°C and vortex mixed. The 
samples were prepared by mixing 400 fil of urine with 200 /il of phosphate 
buffer (pH 7.4) containing 10% D2O and 1 mM 3-trimethylsilyl-1-[2,2,3,3- 
^H4] propionate (TSP). Eppendorfs were then centrifuged at 13,000 rpm at 
4°C for 10 minutes and 550 /il of the resulting supernatant was transferred
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to a 5 mm internal diameter Norell® NMR tubes and stored at 4°C until 
NMR spectroscopy.
5.2.2.2 Faecal Water N M R  Protocol
The phosphate buffer was prepared as per urine protocol (Section 5.2.2.1). 
The samples were then prepared by combining 1 faecal pellet (~25 mg) 
with 700 /il of phosphate buffer. The samples were homogenised using a 
tissue lyser (IKA Labortechnik) set at T  = 1/25 seconds for 5 minutes. 
The samples were centrifuged at 13,000 rpm for 15 minutes and 500 /d of 
the supernatant was transferred into 5 mm internal diameter NMR tubes 
ensuring that no residual particles are transferred. The samples were stored 
at 4°C until NMR spectroscopy.
5.2.2.3 Plasm a N M R  Protocol
A saline solution was prepared by adding 900 mg of sodium chloride (NaCl) 
to 10 ml of H2O and 90 ml of D2O and mixed using a magnetic spinner. The 
plasma samples were thawed and vortex mixed prior to aliquoting 100 /il 
of the sample into Eppendorf tubes. Saline solution (450 /il) was added to 
each sample followed by vortexing. The samples were centrifuged at 13,000 
rpm for 10 minutes and 500 /il of supernatant was transferred into 5 mm 
internal diameter NMR tubes. The samples were stored at —40°C until 
NMR spectroscopy.
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5.2 .3  D a ta  A c q u is itio n
For each sample the NMR spectra were acquired as described by Beck­
onert et al. (2007) using a Bruker Avance 700 MHz spectrometer (Bruker 
Biospin, Rheinstetten, Germany) with a 14T magnet, equipped with a 5 mm 
cryogenically cooled inverse probe. Standard one-dimensional (ID) NMR 
spectroscopy has been used throughout this experiment and consisted mainly 
of two steps, pulse and acquire. Briefly, one radiofrequency pulse generates 
a response, the Fourier induction decay (FID), which can then be acquired. 
This sequence can be repeated numerous times to allow improvement of 
signal to noise ratio, thus reducing background noise. Between consecutive 
pulses a delay time was used to allow complete relaxation t%) to occur. Here, 
standard ID NMR spectra were obtained for each sample and water peak 
suppression was applied using a ID-Nuclear Overhauser Effect SpectroscopY 
(NOESY)-presat standard pulse sequence (recycle delay (RD)—90°-ti—90°- 
tm—90°-acquire-FID) with water suppression at 2 seconds and a mixing time 
(tm) of 100 milliseconds.
Spectra were acquired after 8 dummy scans followed by 128 scans and 
collected into 64K data points using a spectral width of 12 ppm (parts per 
million) and an acquisition time per scan of 3.79 seconds. Plasma samples 
were acquired using Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence. 
The GPMG sequence was used to allow water-soluble metabolites to attenuate 
the NMR signals of any remaining proteins, and hence produced a clearer 
spectrum of low molecular weight components.
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5 .2 .4  D a ta  P rocessin g
The spectra were processed in TOPSPIN 3.0 (Bruker Biospin, Rheinstetten, 
Germany). Following Fourier transformation, the spectra were manually 
phased, baseline-corrected and calibrated to the TSP resonance at 0 ppm 
(J 0.00). Spectra were then digitised using MATLAB (Version R2012a, 
MathWorks Inc; Natwick, MA) scripts provided by Korrigan Sciences. In 
order to carry out pattern recognition, the data were digitised into a data 
matrix, consisting of n observations (samples) and k variables (chemical 
shifts or metabolites). Peak alignment was applied to adjust peak shifts due 
to pH differences.
The spectral regions that possessed no real diagnostic information or 
disrupted other spectral data were removed. The region 4.5-6.0 ppm was 
removed as this included the resonances of water and urea. Once the 
unnecessary spectral regions were removed, each observation was normalised. 
Faecal and urine samples were normalised using the probalistic quotient 
method (Dieterle et al, 2006). Normalisation is a methematical correction 
method that is applied to the experimental data to adjust variation (bias) 
that could potentially influence the data and hence allows the data to more 
realistically reflect biological differences occurring within the data.
5.2 .5  M ultivariate D a ta  A nalysis
All multivariate analyses were performed using the MATLAB scripts provided 
by Korrigan Sciences and using SIMCA-P-h 11 (Umetrics AB, Umea, Sweden) 
software. All figures were generated using Adobe Illustrator CS5 (Adobe 
systems, Ireland).
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Metabonomics data obtained from NMR spectroscopy typically contain 
thousands of variables from each sample that are highly correlated. The 
multi-dimentionality of the data is difficult to visualise and understand and 
thus needs analytical techniques that can be used to extract the necessary 
information. Here, chemometrics methods were used due to their ability 
to decompose complex multivariate data into simpler and potentially in­
terpretable structures (Wold et al., 1984). Depending on the aim of the 
study under analysis supervised or unsupervised methods can be applied 
and can assist in obtaining an overview of the data, in variable selection and 
in-group classification. The chemometric methods applied in this Chapter 
are described below.
5.2.5.1 Principal Component Analysis
The unsupervised multivariate technique used here was Principal Component 
Analysis (PCA), as described by Wold et al. (1984). PCA can be described 
as a method that reveals the internal structure of a data set in a way that 
best explains the variance in the data. PCA offers a reduced dimensional 
model that summarises the major variation in the data into a few axes, and 
in this way, systemic variation is captured in a model that can be used to 
visualise which samples in the data are similar or different from each other. 
Prom this, it will be possible to determine if the treatment related variation 
has been picked up by the given PCA model with possible spectral loadings 
that then depict any ‘treatm ent’ related separation along the respective 
principal component(s).
In the present study, PCA was used as an initial explorative method to 
investigate to which extent different treatments (weaning first, then stress)
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could be discriminated by the urinary, faecal or plasma metabolite profiles. 
The most variance in the data is explained by the first principal component 
(PC) and each PC thereafter explains less of the total variance existing in 
the data than the previous component (s).
The PCA model provides a scores matrix that summarises the original 
variables and discovers the direction of the data swarm that illustrates the 
maximum degree of variation (PCI) and exposes information regarding 
relationships between the objects (e.g. groupings). Principal component 
loadings plots provide information on which variable (s) contribute to the 
patterns observed in the scores plots for a given component. When the PCA 
is applied to digitised NMR spectra, the loadings correspond to spectral 
frequencies with each shift relating to specific metabolites. Prom this point 
on changes in metabolites could be further observed and their interaction 
with other metabolites assessed and this forms the basis of metabonomics. 
The total amount of variance explained by the model is given by R? and is a 
quantitative measure of the goodness of fit that shows the degree of variation 
within the data set that can be explained by the model. The R? values have 
been expressed on each PCA scores plot as the sum of the percentages of 
variance explained by each PC.
5.2.5.2 Orthogonal Projection to Latent Structures - 
Discriminant Analysis
The supervised method used in this study was Orthogonal Projection to 
Latent Structures-Discriminant Analysis (OPLS-DA) as described by Trygg 
Sz Wold (2002). This method is an extension of the widely used supervised 
method. Partial Least Squares-DA (PLS-DA) (Chin, 1998). PLS regression
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is a robust and powerful algorithm that is used to relate a data matrix 
containing independent variables from samples, such as spectral values (X  
matrix), to a matrix containing dependent variables (e.g. treatments or 
responses) for those samples (Y  matrix) and thus finds the relationship 
between the two matrices. Whilst PCA models the major variation in the 
data itself, PLS derives a model that describes the correlation between X  
variables and then a feature (Y  variable) of interest. For this analysis a ‘class’ 
vector is constructed, with one variable of each class having a value of 1, if 
the sample belongs to a particular class and 0 if not. By regression against 
this class vector, latent variables can be derived which enable separation of 
classes from one another. In order to avoid over-fitting and ensure model 
reliability, cross validation methods were used.
In the present study, a PCA model was built using MATLAB. Where clear 
variability (i.e. separation) was found between treatment groups, an OPLS- 
DA model was constructed to further define metabolic variation between 
the groups. The contribution of each variable (metabolite) to the model was 
visualised by generating correlation coefficient plots. These are colour-coded 
according to the significance of correlation (r^) to the “class” (e.g. weaned 
or non-weaned). Red indicates a highly significant metabolite whilst blue 
indicates low significance. The direction of the peaks relate to the covariance 
of the variable multiplied by its standard deviation (back-scaling). This 
generates a plot that closely resembles a NMR spectrum to aid model 
interpretation. The validity of these models was confirmed by permutation 
testing (10,000 permutations). The predictive performance (Q^Y) of each 
model was also obtained.
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5.2.5.3 M etabolite Identification
The effort required for the identification of metabolites depends largely on 
the scope of the study, whether it is targeted or explorative. The explorative 
metabolite identification method was used in this study and resulted in the 
identification of metabolites that related to effect of weaning time (diet) 
and stress exposure in rats. Metabolites were assigned according to their 
peak shifts and multiplicity using Chenomx NMR Suite software version
7.5 (Chenomx Inc. Edmonton, Canada) and via existing databases such as 
the Biological Magnetic Resonance Data Bank (BMRB: http://www.bm rb. 
w isc.edu), and the Human Metabolome Database (HMDB) Metabolomics 
Toolbox (http://www.hmdb.ca) as well as comparison with chemical shifts 
provided in existing data in the literature.
5.2.5.4 Biological Interpretation
Once a metabolite has been identified, a relevant biological interpretation 
should be drawn related to the study. The Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway database (http://ww w .gen0me.3p/kegg/ 
pathway) is an example of a freely available online database that provides 
information about numerous pathways and the metabolites that interact in 
the corresponding pathways. In addition, the HMDB provides metabolite 
information in the ‘MetaboGard’ and contains clinical, biochemical and 
chemical data. Further to the use of such online databases, the literature 
was thoroughly searched to put the identified metabolites into biological 
context.
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5.3 R esu lts
5.3 .1  A nalysis o f Faecal Sam ples
5.3.1.1 ^H-NMR Spectroscopy: Faecal Samples
The NMR spectra (700 MHz) of the faecal extracts from all animal groups 
were acquired and processed. An example of a rat faecal NMR spectrum 
with peak shift assignments is shown on Figure 5.1. Dominant features 
include resonances from amino acids, sugars, butyrate, propionate, acetate, 
A-acetylglycoproteins, succinate, trimethylamine, uracil and uroconate (see 
Table 5.1). The results are consistent with other ^H NMR analyses of faecal 
extracts from control rats (Saric et al, 2007; Nicholls et al, 2003).
5.3.1.2 PC A  Scores: All D ata
For all the faecal spectra analysed, PCA was carried out as the intitial 
unsupervised multivariate statistical analysis method in order to obtain an 
overview of whether the samples varied from each other and hence expose any 
metabolic variations between the study groups. Figure 5.2 shows the PCA 
scores that have then been colour-coded and separated into the corresponding 
groups to demonstrate if any variability in metabolites exist within the groups. 
The triangles show the groups belonging to weaned animals and the circles 
show the animals belonging to the non-weaned groups. No separation was 
observed in any of the groups analysed and thus further multivariate analyses 
were not conducted on these samples.
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Phe AT Lac
Sugars/Amino acids NAG
Leu/Val/lieThrBT/PP
Ala
Lac
UrocUroc SueUroc
Ura IMA
8.5 8 6.5 37.5 7 4 2
5^H (p.p.m)
Figure 5.1: Exam ple 700 MHz NM R spectrum  o f  faecal extracts. T h e spectrum  
shows the arom atic region (5 6 .5 -8 .5 ) that has been magnified 8 tim es compared to
the aliphatic region 5 1-4.5. Abbreviations: Ala: alanine; AT: acetate; BT: butyrate;
FT: form ate; I Le: Isoleucine; Lac: lactate; Leu: leucine; NAG: A /-acetylglycoproteins; 
Phe: phenylalanine; PR: propionate; PT: putrescine; Sue: succinate; TM A: trim ethy­
lamine; Tyr: tyrosine; Ura: uracil; Uroc: urocanate; Val: valine.
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Figure 5.2: PCA o f  faecal extracts: All data . PCA scores p lots com paring: (A) all 
groups, (B) the W  and NW  groups, (C) EPM W  and NW, (D) 3CB W  and NW  and 
(E) FST  W  and NW  groups. There are no differences in the faecal m etabolic  profiles 
betw een the com pared te st  groups. Abbreviations: 3CB: three-cham bered box; EPM: 
elevated plus maze; FST: forced swim  test; NW: non-weaned W: W eaned
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5.3 .2  A nalysis o f  P la sm a  Sam ples
5.3.2.1 ^H -N M R  Spectroscopy: P lasm a Sam ples
The NMR spectra (700 MHz) of plasma samples from all animal groups 
were acquired and processed. An example of a CPMG plasma NMR spec­
trum with peak shift assignments is shown on Figure 5.3. Dominant features 
include resonances from lipids, leucine, isoleucine, lactate, alanine, acetate, 
A-acetylglycoproteins, acetoacetate, glutamine, dimethylamine, trimethy­
lamine, creatinine, choline, phosphocholine, betaine, glycine and glucose (see 
Table 5.1). The results are in agreement with other studies that have carried 
out NMR analyses of control rat plasma samples (Lindon et al, 2000; 
Beckonert et al, 2007; Wang et al, 2006; Teague et al, 2007; Grootveld 
et al, 1993; Kim et al, 2014),
5.3.2.2 P C A  of P lasm a Samples: AU d a ta
Once the spectral data were digitised, a PCA model was created to provide 
an overview of any variation that may exist in metabolic profiles between the 
weaned and non-weaned animals in each test group (Figure 5.4). In order to 
aid visual observations the PCA scores are colour-coded according to group 
with triangles showing the weaned and the circles showing the non-weaned 
animals. Inspection of the PCA scores plots obtained from each of the 4 
groups indicated no variance in metabolic profiles from any of the animal 
groups since no separation was present in the scores on the PCA plot.
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O -PCho
VLDL/LDL
Glue Bet
Cho L ip id s
L e u /Ala Cre TMA G lu t AlaNAG
ValA CT AT
C h oLac Bet
L ip id s L ip id s L ip id s
i-HB
3 24
5 ’H (p.p.m)
Figure 5.3: Exam ple 700  M Hz NM R spectrum  o f  plasm a sam ples. T h e  region  
Ô 1-4  has been m agnified x 2  to  enable clear v isualisation  o f  peaks. T he sp ectru m  
range from ô 5 -10  has not been included sin ce  no m eta b o lites w ere assigned along  
th is region. Abbreviations: ACT: a ceto a ceta te ; Ala, alanine; AT, acetate; ^ -H B , j3- 
hydroxybutyrate; Bet, betaine; Cho, choline; Cre, creatinine; DMA, dimethylamine; Glue, 
glucose; Glut, glutam ine; Gly, glycine; lie, isoleucine; Lac, lactate; Leu, leucine; NAG, 
A/-acetylglycoprotein; 0 -P C h o , 0 -p h o sp h o ch o lin e; V L D L /L D L , very low d en s ity /lo w  
density lipids. For peak sh ifts and m ultiplicities see  Table 5.1
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F ig u r e  5 .4 :  PCA o f  plasm a sam ples; All data. PCA scores plots com paring: (A )  all 
groups, (B )  the W  and NW  groups, (C ) EPM W  and NW , (D )  3CB W  and NW  and 
(E ) FST W  and NW  groups. There are no differences in the plasma m etabolic profiles 
betw een th e  te s t  groups. Abbreviations: 3CB: three-cham bered  box; EPM: e levated  
plus maze; FST: forced swim test; NW: non-weaned W: W eaned
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5.3 .3  A nalysis o f U rine Sam ples
5.3.3.1 ^H-NMR Spectroscopy: Urine Samples
Typical NMR spectra of the postnatal rat urine samples from a weaned 
and non-weaned animal can be seen in Figure 5.5. The metabolic features in­
cluded resonances from caproate, putrescine, acetate, iV-acetylglycoproteins 
(NAG), succinate, citriate, 2-oxoglutarate, dimethylglycine (DMG), betaine, 
taurine, creatinine, hippurate, iV-methyl-4-pyridone-3-carboxamide (4-PY), 
AT-methylnicotinate (NMNA) and AT-methylnicotinamide (NMND). This is 
consistent with previous NMR analysis of urine samples obtained from 
Wistar rats (Beckonert at al, 2007; Ebbels at al, 2004; Feng at al., 2002; 
Cloarec at al, 2005; Wang at al, 2009; Bell at al, 1991; Bollard at al, 2005). 
Initial visual comparison of the spectra from the two weaning groups indi­
cated that the most obvious differences in the spectra were higher betaine, 
citrate, formate and NMNA in the weaned animals, and higher acetate, 
citrate and NMND in the non-weaned groups.
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A. Weaned Cre
Hip 2-og
Bet
CP
SueNMNA
4PY NMNA4PY
Tau AT
NMNDNMND NMND DMG DMG
9 .4  9 .2  9 .0  8 .8  8 .6  8 .4 4 .5  4 .0  3.5  3 .0  2.5 2 .0  1.5
B. Non-weaned
ô’H (p.p.m)
H lp ^  Bet 
Cre
Cre
NMNA
4PY
NMND
NMND
NMNA
Lac
I I  I 11 w
4PY
,GA
Tau
PT
2-og
Cit
n n
DMA
\
DMG
Sue
CP
AT
PT Lae
-y /   I I I I I I
9 .4  9 .2  9 .0  8 .8  8 .6  8 .4  4 .5  4 .0  3.5  3 .0  2.5 2 .0  1.5
6^ H (p.p.m)
F ig u r e  5 .5 :  Example 700 MHz NMR spectrum  o f urine sam ples. Key m etabolites  
are shown for a (A ) weaned and (B )  non-weaned animal. For abbreviations see Table 5.1
166
5 Metabonomics of Biofluids in Rats
Abbreviation Metabolite Chemical Shift (Multiplicity) Sample
2-OG 2-oxoglutarate 2.44 (t), 3.02 (t) U
3-HPPA 3-hydrophenylpropionate 2.48 (t), 2.84 (t), 6.75 (dd) 
6.79 (s), 6.86 (d), 7.24 (t)
U
4-PY A-methyl-4-pyridone
-3-carboxamide
3.89 (s), 6.36 (d), 7.4 (s), 7.95 (dd), 
8.02 (s), 8.32 (d), 8.54 (d), 9.76 (s)
u
Ala Alanine 3.77 (q), 1.48 (d) F ,P
ACT Acetoacetate 2.27 (s) P
ALT Allantoin 5.4 (s) U
AT Acetate 1.92 (s) F ,P ,U
Bet Betaine 3.27 (s), 3.91 (s) U ,P
BT Butyrate 2.16 (t), 1.56 (m), 0.9 (t) F
,8-HB ,0-hydroxybutyrate 4.16 (dt), 2.41 (dd) 
1.20 (d), 2.31 (dd)
P
Cit Citrate 2.56 (d). 2.71 (d) U
Cho Choline 3.2 (s), 4.05 (t), 3.51 (t) P
CP Caproate 0.89 (t), 1.30 (m), 1.55 (m), 2.18 (t) u
Cre Creatinine 3.03 (s), 3.92 (s) P,U
DMA Dimethylamine 2.74 (s) P, u
BMC Dimethylglycine 2.93 (s), 3.73 (s) u
FT Formate 8.46 (s) F ,U
CA Cuanidoacetate 3.8 (s) U
Clu Glutamate 2.08 (m), 2.34 (m),3.75 (m) P
Clue Glucose 3.23 (t), 3.40-3.48 (m), 4.64 (d), 5.23 (d) P
Cly Glycine 3.57 (s) P
He Isoleucine 0.94 (t), 1.03 (d), 1.46 (m), 3.66 (d) F, P
Lac Lactate 1.32 (d), 4.13 (m) F ,P ,U
Leu Leucine 0.94 (t),0.99 (d), 1.70 (m), 3.72 (m) F ,P
Lipids Lipids 1.22 (hr), 2.22 (hr), 2.79 (hr) 
1.56 (hr), 1.7 (br)
P
NAC A-acetylglycoproteins 2.06 (s) F, P, U
NMNA N -methylnicotinate 4.44 (s), 8.1 (t), 8.85 (t), 9.12 (s) U
NMND iV-methylnicotinamide 4.47 (s), 8.16 (t)
8.88 (d), 8.96 (d), 9.28 (s)
U
0-PCho 0-Phosphocholine 3.3 (s), 4.21 (t), 3.6 (t) P
PAC Phenylacetylglycine 3.68 (s), 3.75 (d)
7.35 (d), 7.37 (t), 7.42 (t)
u
Phe Phenyalanine 7.33 (d), 7.43 (m), 7.36 (m) 
3.17 (dd), 3.30 (dd), 3.99 (dd)
F
PP Propionate 2.19 (m), 1.06 (t) F
PT Putrescine 1.76 (mb), 3.06 (mb) F .P
Sarc Sarcosine 2.76 (s), 3.6 (s) U
SI Scylhtol 3.35 (s) U
Sue Succinate 2.41 (s) F, U
Tau Taurine 3.28 (t), 3.43 (t) U
TMA Trimethylamine 2.93 (s) F ,P
TMAO Trimethylamine-A-oxide 2.37 (s) P,U
Tyr Tyrosine 7.18 (d), 6.88 (d),3.94 (dd) 
3.20 (dd), 3.10 (dd)
F
Ura Uracil 5.80 (d), 7.52 (d) F
Uroc Urocanate 6.40 (d), 7.13 (d),7.41 (s),7.89 (s) F
Val Valine 3.62 (d),2.28 (m),0.99 (d),1.04 (d) F ,P
VLDL/LDL Very low/low density lipids 0.36 (m), 0.86 (m) P
T a b le  5 .1 :  Full ^H-NM R chem ical sh ifts for m etab olites identified in faecal, plasam a 
and urine sam ples. W here abbreviations have been used th e  full m etab olite  nam e has 
been given. K ey: s, singlet; d, doublet; dd, doublet o f doublets; t, triplet; m, m ultiplet; 
mb, broad m ultiplet. F, faecal; P, plasma; U, urine.
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5 .3 .3 .2  P C A  o f  U r in e  Sam ples: A ll d a ta
PCA was used as the first unsupervised multivariate statistical method to 
gain an overview of how the samples differed from one another. The first PC 
accounted for most of the variance and the following PCs accounted for the 
variance that was not explained by the previous PC and not correlated to any 
preceding components. The percentage of variance explained is shown for 
each axis under the corresponding study group. In order to aid visualisation 
of any trends associated with ‘weaning’ or ‘test’ group factors, the different 
groups of animals are shown colour-coded according to their groups, with 
triangles showing the weaned and circles showing the non-weaned animals 
(Figure 5.6).
Following initial PCA modeling of the urine data, clear separation along 
the PCI can be seen between the groups of animals in the two weaning groups 
that did not undergo any behavioural testing (Figure 5.7B). Furthermore, 
separation along the PC I was observed in groups of animals that were 
exposed to the forced swim test (i.e. the stressed (S)) animals (Figure 5.7C). 
Upon extraction of these two groups from the whole study set (Figure 5.7 
and 5.8), the corresponding loading plots identified the metabolites that were 
responsible for the separation seen along the PCI. In looking at the effect 
of weaning, it was found that betaine was the main metabolite observed to 
cause the separation along the PC I axis (Figure 5.7B). In looking at the 
effect of weaning under swim-stress conditions, it was found that betaine, 
dimethylglycine and succinate were responsible for driving the separation 
along the PCI axis (Figure 5.7D).
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F ig u r e  5 .6 :  PCA o f  urine sam ples: All data . PCA scores p lots com paring: (A )  all 
groups, (B )  th e  W  and NW  groups, (C ) FST  W  and NW , (D )  EPM  W  and NW  
and (E ) 3C B W  and NW  groups. T here were no differences in th e  urinary m etab olic  
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along  th e  P C I can be seen  betw een th e  w eaned and non-w eaned anim als under no 
F ST  (stress) and betw een th e  w eaned and non-w eaned anim als w ho underw ent FST  
(stressed). Abbreviations: 3CB: three-cham bered box; EPM: elevated plus maze; FST: 
forced swim test; NW: non-weaned W: W eaned.
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F ig u r e  5 .7 :  T he effect o f weaning with and w ithout FST exposure on the postnatal rat 
m etabolom e: PCA scores and Loadings plots. (A ) PCA scores plot showing separation  
along th e  P C I betw een W  and NW  anim als th a t have not been stressed  w ith use o f  
F ST  and (B )  th e  corresponding loadings plot show ing beta ine to  be th e  m eta b o lite  
responsible for driving this separation; (C ) PCA scores plot o f W  and NW  rats exposed  
to  th e  F ST  stress, and (D )  th e  corresponding loadings plot sh ow ing  betaine, DMG  
and su cc in ate  to  drive th e  sepration a long P C I; p sh ow s th e  loadings vector  values. 
Abbreviations: DMG: dim ethylglycine; NS: non-stressed; NW: non-weaned; S: stressed; 
W; weaned.
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To better understand the metabolite profiles between the animals, a PCA 
model was created to include animals from all four groups (i.e. stressed 
and non-stressed, weaned and non-weaned animals), as shown on Figure 5.8. 
Here, a 2D summary PCA scores plot (Figure 5.8A) indicated that animals 
in both of the weaned groups clustered on the right side of the PCA plot and 
the profiles were observed to be separated along the PCI. In addition, a 3D 
scores plot incorporating a further component (PCS) was also implemented 
to further investigate variance in the data (Figure 5.8B). As can be seen 
here, no further separation was observed along the additional component. 
Comparison of all four groups using PCA identified that weaning had the 
greatest impact on the urinary metabolic profiles resulting in higher excretion 
of betaine.
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F ig u r e  5 .8 :  T h e effect o f  w eaning and stress on th e  postnatal rat m etabolom e: 2D  
and 3D PCA scores. (A )  2-D  PCA scores plot generated using MATLAB showing PC I 
and PC2 with th e  p ercentage o f  explained variance by each com p o n en t and (B )  3D  
PCA plot generated using SIMCA showing PC I, 2 and 3. A clear separation along PC I 
can be observed betw een th e  w eaned and non-w eaned anim als in both stressed  and 
non-stressed groups. Abbreviations: NS: non-stressed , 5: stressed; NW: non-w eaned; 
W: w eaned.
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5.3.3.3 O PLS-D A  of U rine Sam ples
OPLS-DA was used to further investigate the effect of weaning and/or 
stress on the animals metabolite profiles. This supervised method allowed 
examining the data, with reference to only one source of variation, as opposed 
to all possible variations as was the case with PCA approach.
In order to analyse and identify the urinary metabolites that differed 
between the various weaning and stress conditions, pair-wise OPLS-DA 
models were constructed using weaning/stress as the Y  predictor as explained 
in Section 5.2.5.2. The pairwise OPLS-DA models comparing animal groups 
can be seen on Figures 5.9 to 5.12. Models with strong predictive ability 
(Q‘^ Y) were returned for the comparisons between weaned and non-weaned 
animals in the presence or absence of forced-swimming indicating clear 
metabolic variation between these groups. Model validity was confirmed 
by permutation testing (10,000 permutations) with the P-value for each 
comparison being generated using MATLAB scripts. A lower P-Value 
indicates the original label configuration is relevant with respect to the data 
(Lindgren et al, 1996) and thus the results to be statistically reliable. A 
summary of the significant urinary metabolic differences identified between 
the four treatment groups has been provided in Table 5.2.
Comparing the urinary metabotypes from the non-stressed weaned and 
non-weaned animals (Figure 5.9; Q^Y = 0.82) revealed that weaned animals 
excreted greater amounts of metabolites involved in choline metabolism 
such as betaine and DMG and the energy-related metabolites citrate and
2-oxoglutarate. Non-weaned animals were found to excrete higher amounts of 
guanidinoacetate, taurine, and iV-acetylglycoproteins, creatinine and scyllitol
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compared to weaned rats. Variation was also observed in the excretion 
of microbial-derived products with non-weaned animals excreting greater 
phenylacetylglycine (PAG) and putrescine and the weaned animals excreting 
greater amounts of the medium chain fatty acid, caproate as well as allantoin. 
Further metabolite variation was observed in products of nicotinic acid 
metabolism with A-methylnicotinamide (NMND) and A-methyl-4-pyridone- 
3-carboxamide (4-PY) being excreted more by the non-weaned animals and 
A-methylnicotinate (NMNA) excreted in higher amounts by the weaned 
animals (Figure 5.9). For abbreviations and peak shifts see Table 5.2.
The urinary metabolic signatures of weaned and non-weaned animals 
following stress exposure were compared. Forced swim stress resulted in 
the greater excretion of NMNA, 4-PY, 3-hydroxyphenylpropionic acid (3- 
HPPA), succinate, sarcosine, putrescine, taurine and A-acetylglycoproteins 
in the non-weaned animals compared to those weaned and exposed to stress 
(Figure 5.10; Q^Y  — 0.82). Stress was also found to decrease the urinary 
abundance of PAG, guanidinoacetate and scyllitol in the non-weaned animals 
(Figure 5.11; Q^Y = 0.66). Following forced-swim stress the majority of 
weaning-associated metabolic variation persisted with the exception of 2- 
oxoglutarate and NMND excretion (Figure 5.10). Additional metabolic 
variation was observed between the weaned and non-weaned rats exposed 
to forced-swimming with the urine of non-weaned animals containing less 
succinate, TMAO, DMA and taurine than the weaned animals and greater
3-HPPA and acetate (Figure 5.11).
When comparing only the weaned animals in the presence or absence 
of forced-swim stress it was revealed that NMND, creatinine, succinate 
and A-acetylglycoprotein excretion was increased following stress while
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taurine, allantoin and 2-oxoglutarate excretion was reduced (Figure 5.12; 
=  0.56).
Table 5.2 summarises the significant metabolic differences in the excretion 
of urinary metabolites found between the four treatment groups. The values 
provided are the correlation coefficients derived from the OPLS-DA models, 
where (-{-) indicate higher excretion (positive correlation) in the corresponding 
treatment groups and (-) lower in the treatment group (negative correlation). 
The colours shown on the table identify the respective groups where increased 
excretion is observed. In addition, where possible, the metabolites have been 
classified according to their metabolic ontology.
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5.4 D iscussion
Metabonomics studies can provide novel insights into biological processes 
and can highlight perturbed metabolic pathway in response to external 
stimuli and disease states. Given that the results from the previous chapters 
elucidated an important regulatory role of weaning on behaviour and stress 
responses including alterations in microbial profiles, this chapter examined 
whether the observed phenotypes could be correlated with alterations in the 
hosts’ complex metabolic activity. As such, the aim of the studies here were 
to determine how weaning and stress could impact the metabolic system and 
to try and identify biomolecular mechanisms through which such effects can 
modulate the observed behavioural phenotype possibily through signalling 
via the gut-brain axis. In this study, 23 differentially expressed urinary 
metabolites were identified between the weaned and non-weaned animals 
both with and without stress exposure (Table 5.2).
NMR-based metabonomics was selected as a method of choice in the 
present study for a number of reasons. Whilst more traditional bottom-up 
methods are driven by defined hypotheses and tested for by univariate anal­
ysis, in top-down NMR-based metabonomic studies no a priori knowledge 
is required here since it enables analysis of the whole system and how it 
is impacted by various factors. It integrates gene, transcript, protein and 
post-translational information. The method allows modeling physiological 
variation and exposure and enables biocomplexity and cometabolic processes 
occurring in an organism to be captured.
The findings in relation to faecal and plasma metabolites demonstrated 
that weaning or stress did not cause significant differences in the excretion
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of metabolites between the animal groups. As can be seen on Figure 5.2, 
PCA revealed no separation in the faecal metabolic profile between either 
of the weaned and non-weaned groups under different behavioural test 
conditions, including animals that were not exposed to any testing. In 
addition, PCA revealed no treatment effect in the plasma samples obtained 
from the animal groups (Figure 5.4). However, PCA of urinary samples 
revealed differential metabolic patterns (clustering) between the weaned and 
non-weaned animals under both forced swim stress and no stress conditions 
(Figure 5.7 and 5.8). The OPLS-DA correlation coefficient plots indicated 
that the most significant metabolite differences were related to disruptions 
in the metabolism of choline, nicotinic acid, altered energy homeostasis, 
protein breakdown, as well as differences in microbial-derived metabolites 
(Table 5.2), discussed in detail below. These data highlighted that weaning 
and stress at critical stages of development influence a number of metabolic 
pathways as demonstrated by analysis of their urinary excretion.
A lteration s in  choline and gu t m icrobial m etab o lism
The decreases observed in the excretion of betaine and DMC in the urine of 
the non-weaned animals may be related to a decrease in endogenous choline 
metabolism by the host or an increase in bacterial choline degradation in the 
gut. Choline is found in plants and is an essential dietary nutrient (Holmes- 
McNary et al, 1996; Zeisel & Blusztajn, 1994; Cheng et al, 1996). It is the 
precursor for the biosynthesis of the phospholipids, phosphotadylcholine and 
sphingomyelin and of choline plasmalogens, which are essential constituents 
of membranes (Zeisel, 1981). It is also involved in methyl metabolism, trans­
membrane signalling and normal brain development (Zeisel, 2004, 2006).
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Choline is needed for the synthesis of acetylcholine and is the major source of 
methyl metabolites in the diet. The metabolite of choline, betaine (trimethyl- 
glycine) is involved in the méthylation of homocysteine to form methionine, 
producing DMC via the enzyme betaine-homocysteine methyltransferase 
(Smith at al. (1994); Zeisel (1981, 2006) and see Figure 5.13). Betaine can 
be synthesised in the liver and kidney by choline oxidation and so a reduced 
excretion of betaine in the urine of non-weaned animals could be indicative 
disrupted choline metabolism.
There were alterations of specific microbial-host co-metabolites. In the 
weaned animals, stress increased the excretion of TMAO and DMA, which 
are downstream products of gut microbial choline degradation. Whilst such 
differences were not observed in the non-weaned rats (Table 5.2, Figure 5.10 
and 5.11). These observations suggest that variation in choline metabolism 
is due to a weaning effect that is also modulated by stress. This is confirmed 
by comparing the urinary excretion of these metabolites between the weaned 
and non-weaned animals that were both stressed, whereby a significant 
difference in their excretion has been observed only in the urine of the 
weaned groups {Q^Y : TM AO  = —0.88] D M A  = —0.75, see Table 5.2 and 
Figure 5.12).
A number of studies conducted by Zheng and colleagues have demon­
strated changes in these metabolites in depressive states (Zheng at al, 2013; 
Tian at al, 2013; Zheng at al, 2010) and thus have relevance to the current 
findings. In one study, Zheng at al, showed that urinary levels of DMA, 
DMG and TMAO were significantly decreased in patients with major de­
pressive disorder compared to healthy controls (Zheng at al, 2010). As 
mentioned above, these metabolites are products of bacterial metabolism.
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and these authors postulated that changes seen in their study could be due 
to variations of intestinal microbiota. In accordance with this, metabonomic 
analysis in depressed animal models have shown that depressive behaviour is 
associated with gut microbial changes (Zheng et al, 2010). This is reinforced 
by several studies demonstrating that patients suffering from depressive 
disorders display a high comorbidity of inflammatory bowel disease (IBD), a 
disorder that involves gut microbial changes. This has been shown to be asso­
ciated with increases in numbers of facultative organisms, such as clostridia 
(Reddy & Brandt, 2013; Stone, 2008) and lower numbers of lactobacilli and 
bifidobacteria (Prank et al, 2007; Gros et al, 2009; Madden & Hunter, 
2002). The combined findings highlight the potential involvement of choline 
metabolism and gut microbiome-metabolic variation in the development of 
brain disorders such as depression.
Alterations in a number of other gut microbial metabolites were seen in 
the present study. These included increased excretion of 3-HPPA, PAG, 
putrescine, acetate and allantoin in the urine of non-weaned animals (Ta­
ble 5.2). The increased excretion of these metabolites in the non-weaned 
animals may indicate greater protein putrefaction by the gut microbiota of 
these animals, which may relate to the nutritional variation between the 
two groups. The aromatic metabolite, 3-HPPA results from the bacterial 
hydrolysis of dietary derived chlorogenic acids and further bacterial reduction 
by caffeic acid. Consistent with the stress-induced increases in clostridial 
populations observed in the current findings studies (Chapter 4, Figure 4.2), 
multiple species of this bacterial genus have been shown to be implicated in 
the production of 3-HPPA (Elsden et al, 1976; Clayton, 2012).
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PAG can be generated from amino acids, which after de-polymerisation of 
dietary protein, such as casein, by pancreatic endopeptidases and bacterial 
proteases and peptidases, becomes available for fermentation by the gut 
microbiota (Smith &; Macfarlane (1996) and see Figure 5.13). Metabolism 
of phenylalanine, tyrosine and tryptophan generate phenylacetate, 4-cresyl, 
indoleacetate and tryptamine, respectively (Smith & Macfarlane, 1996). 
Phenylacetate and indoleacetate can then be detoxified in the gut mucosa 
and the liver by glycine conjugation forming PAG prior to excretion in urine 
(Nicholls et al, 2003; Smith k, Macfarlane, 1996). Importantly, the increased 
urinary excretion of phenolic compounds reflects alterations in gut microbial 
composition in relation to nutritional competition (Smith & Macfarlane, 
1996). To this end, the production of phenylacetate and indoleacetate has 
been related to certain taxonomic group of gut bacteria including clostridia 
(Smith k  Macfarlane, 1996; Selmer k  Andrei, 2001). Collectively, these 
results highlight that the increased urinary excretions of microbially derived 
metabolites are consistent with the stress-induced increases observed in the 
numbers of clostridia in the non-weaned animals.
A lteration s in  n icotin ic  acid  derived  m etab o lites
Weaning was shown to perturb the tryptophan-nicotinic acid pathway, a 
pathway previously shown to be implicated in depression (Curzon k  Bridges, 
1970). Non-weaned animals excreted higher amounts of NMND and 4PY 
and weaned animals excreted greater NMNA (Table 5.2). Tryptophan can be 
metabolised endogenously to either serotonin or nicotinic acid or by the gut 
microbiota to indican (DeMoss k  Moser, 1969). In depressed patients, an 
increased flux through the nicotinic acid pathway and subsequent decrease
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in serotonin biosynthesis has been observed (Myint et al, 2007; Maes et al, 
1996) with lower serotonin found in the brain of depressed individuals 
(Stockmeier, 2003). This is consistent with theories that relate serotonergic 
neurotransmission defects to depression (Delgado et al, 1994). Nicotinic 
acid can be methylated to form NMNA while its amine form, nicotinamide, 
can be metabolised to NMND and 4-PY (see Figure 5.13). It is unclear 
if higher excretion of NMND and 4-PY in the non-weaned animals reflect 
increased nicotinic acid production or decreased serotonin synthesis since 
weaned animals excreted higher NMNA.
Prolonged casein exposure may drive increases in NMND seen in the non- 
weaned animals. Bell and colleagues have previously reported higher urinary 
excretion of this compound in rats fed a purified casein diet compared to 
those that were on standard rat-chow diets (Bell et al, 1991). NMND has 
been shown to cause dopaminergic toxicity (Fukushima et al, 2002) and 
destroy cerebral complex 1 subunits (Fukushima et al, 1995). Elevated 
urinary NMND, in addition to cerebral complex 1 subunit damage, has been 
reported in depressed individuals (Zheng et al, 2013; Ben-Shachax & Karry, 
2008). Additionally, there is some evidence to shown that a milk-free diet 
results in reductions in damage to cerebral complex 1 subunits (Ramaekers 
et al, 2008), Collectively, these findings show that non-weaned rats tha t 
had prolonged exposure to casein, display both behavioural and biochemical 
phenotypes characteristic of depression and that NMND may well be involved 
in the mechanisms driving this phenotype.
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A ltera tion s in  energy  m etab o lism  prod u cts
Urinary excretion of three tricarboxylic acid (TCA) cycle associated metabo­
lites, citrate, 2-oxoglutarate and succinate were shown to differ between the 
animal groups (Table 5.2). Excretion of 2-oxoglutarate and citrate were 
found to be higher in the urine of weaned animals compared to those non- 
weaned, thus highlighting a weaning effect (see Figure 5.13). Whilst succinate 
excretion was found to be greater in the urine of stressed animals regardless 
of weaning status, the highest correlation was seen in comparing the weaned 
stressed and non-stressed groups. Thus, it appears that this metabolite 
is modulated by both weaning and stress. Decreased levels of citrate and 
2-oxoglutarate in the non-weaned animals are suggestive of a dysfunction 
in the TCA cycle induced by lack of weaning (as well as stress in the case 
of succinate), which may be correlated with the aetiology of depressive-like 
behavioural changes observed in this group of animals. As such, Zheng et al 
(2010) in their urinary metabonomic study of biochemical changes in chronic 
unpredictable mild stress model of depression showed decreased citrate and 
2-oxoglutarate in the urine of the model rats compared to controls (Zheng 
et al, 2010). The lower levels of TCA cycle metabolites in the non-weaned 
animals indicate energy deficiencies and fatigue in these animal groups. This 
is in line with the behavioural data obtained in Chapter 2 (Figure 2.9), 
where a significant decrease of active-behaviours in the non-weaned animals 
during the FST was observed, indicative of depressive-like behaviour. To 
this end, energy deficiencies or fatigue are among one of the most frequently 
represented symptoms in depressive disorders (Serretti et al, 2004).
Other metabolites associated with energy metabolism also contributed 
to the separation between the groups. These included, creatinine and
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guanidoacetate (Table 5.2). Creatinine was found to be excreted more in the 
urine of both the non-weaned groups and stressed animals, but not in the 
urine of the non-stressed, weaned animals, highlighting a weaning and stress 
interaction. Creatinine is a non-enzymatic breakdown product of creatine and 
phosphocreatine (see Figure 5.13), and the creatine-phosphocreatine system 
is important for cellular energy transportation (Wyss k  Kaddurah-Daouk, 
2000).
Excretion of creatinine in the urine represents the end-point of endogenous 
energy transfer from stored adenosine triphosphate (ATP) in skeletal and 
cardiac muscle and is also used as measure of renal health. Creatine is synthe­
sised in the liver (and kidney) from the méthylation of glycosyamine forming 
guanidinoacetate by the reaction of the amino acids, arginine and glycine. 
In the present study, only the non-weaned animals excreted higher levels 
of guanidoacetate regardless of stress status, highlighting a clear weaning 
effect. These data further reveals an influence of energy metabolic prod­
ucts that may underlie the behavioural phenotypes observed in our studies. 
The role of creatine-phosphocreatine circuit in CNS disorders is becoming 
widely acknowledged (Andres et al. (2008); Beard k  Braissant (2010)). In 
fact, there is evidence to show that chronic creatine supplementation alters 
depressive-like behaviour in rats in a sex-dependent manner (Allen et al., 
2010). Here, Allen et al, showed that rats that were maintained on rat chow 
blended with 4% creatine, compared to those that were maintained on chow 
alone, exhibited increased immobility in the FST but less anxiety in the 
OFT (Allen et al, 2010).
As explained, creatinine is an indicator of muscle activity. The increases 
observed in the present study are consistent with the work of Bell et al (1991),
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who showed casein-fed animals to also excrete higher levels of creatinine. 
The authors proposed that this could be closely related to the greater output 
of growing muscles of the larger, prolonged milk-fed rats (Bell et aZ., 1991). 
This is in accordance with the previous findings from our laboratory where 
Goody and Kitchen have shown increased total body weights of non-weaned 
animals compared to those weaned (Goody Sz Kitchen, 2001).
A lteration s in  o th er m etab o lite s
The elevation of signal intensities of NAGs were detected in the urine profiles 
of non-weaned and stressed animals (Table 5.2). This finding highlighted a 
strong stress effect since the highest correlation was observed when comparing 
the profiles between non-weaned and weaned stressed animals (r =  -t-0.90). 
NAGs are acute-phase reactive glycoproteins (Bell et al, 1987) that undergo 
dramatic changes in concentration during times of inflammation (Epstein 
et al, 1999; Bell et al, 1987; Dempsey & Rudd, 2012). Reports have 
shown that depression is accompanied with acute-phase responses, including 
increased a  1-acid glycoprotein (Maes et al, 1997; Sluzewska et al, 1996). 
In the present study the increased NAG in the urine of non-weaned animals 
that displayed depressive phenotypes may be indicative of an inflammatory 
response during depression in this subset of animals. In addition, consistent 
with the results of the present study, a number of other investigators have 
shown increased excretion of NAGs following stress exposure (Teague et al, 
2007; Wang et al, 2006; Zheng et al, 2010; Tian et al, 2013).
Due to the lack of specific enzymes encoded in the host genome, plant 
polysaccharides, including dietary fiber and resistant starch escape digestion 
in the stomach and small intestine before entering the colon (see Section 1.6.3).
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The gut microbiota produce specific enzymes to ferment these nondigestable 
polysaccharides and breakdown the undigested oligosacchairdes into SCFAs, 
such as propionate and butyrate and to a lesser extent, formate, fumurate 
and caproate (Jacobs et al, 2009). In the present study, increased excretion 
of caproate was found in the urine obtained from the weaned animals 
compared to those non-weaned. This change is indicative of a nutritional 
(weaning) related effect rather than a stress one, since no correlation was 
found in comparing the stressed and non-stressed, weaned animals (see 
Table 5.2).
Sum m ary
In this chapter, metabonomics was successfully used to determine differences 
in metabolic profiles of all study animals. PCA identified no weaning or 
stress effect upon faecal and plasma metabolic profiles. In contrast, a clear 
separation was observed in metabolites between weaned and non-weaned 
animals under different stress conditions. These biochemical changes were 
related to disturbances in choline, gut microbial, energy and nicotinic acid 
metabolism. However, whether the metabolic differences observed here are 
the causes of ‘condition’ or consequence of the ‘condition’ remain to be 
determined. Nonetheless, these findings provide indications of the pathways 
that may be implicated in the aetiology of behavioural disorders. A summary 
of the metabolic alterations associated with the reported emotional and stress 
response deficits and changes in gut microbiota compositions reported in the 
investigations of the current project are illustrated on Figure 5.13.
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6 D iscussion
The postnatal period is a critical time frame during which the CNS continues 
to develop and is open to modulation by a variety of environmental factors. 
Despite growing concern, understanding the mechanisms by which early life 
nutritional factors and stress exposure can impact the developing system 
and predispose offspring to neuropsychiatrie disorders remains to be fully 
understood. Recently, the impact of nutritional changes and stress exposure 
in the modulation of behaviour and in the development of psychiatric disor­
ders has been shown. Signaling through the bidirectional gut-brain axis has 
been implicated, but the exact biomolecular products involved in which this 
communication exists remains unclear.
This thesis applied a multidisciplinary approach to assess the impact of 
early life nutritional and stress stimuli upon host behavioural, microbial 
and metabolic phenotypes and explored the possible role of gut-brain axis 
communication in the modulation of behaviour. The studies presented 
here provide clear evidence for the emergence of emotional impairments in 
response to a lack of weaning in postnatal rats. Furthermore, these results 
show significant alterations in the oxytocinergic stress response system 
under separate weaning and stress conditions. In addition, and, in order 
to understand a gut-brain axis modulation, the findings demonstrate key
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weaning and stress-induced alterations in numbers of gut bacterial species 
belonging to the C. histolyticum groups. Subsequently, a systems biology 
approach using NMR-based metabonomics revealed weaning- and stress- 
related metabolic variations. This included fluctuations in a number of 
metabolites related to choline, energy and nicotinic acid metabolism as well 
as changes in gut microbial metabolites, most of which have been identified 
as biomarkers of depressive and stress-related disorders.
Collectively, these findings demonstrate that early life manipulations 
result in altered gut microbial, metabolic and behavioural phenotypes. This 
suggests a potential role for the interplay between mammalian host and 
resident bacteria through the gut-brain axis in mood disorders at early 
developmental ages (see Figure 6.1 for schematic representation). Our 
results corroborate the importance of early life factors in physiological 
and psychological programming and open new areas for research (Figure 
6 .1).
W eaning and its  im plications on behaviour
This thesis has established manifestation of pro-depressive emotional effects 
associated with a lack of weaning and stress exposure in rats. In Chapter 
2, it has been shown tha t rat pups that remain with the dam beyond the 
standard age of weaning, exhibit marked emotional deficits. Although, the 
critical casein fragment remains to be fully elucidated, the depressive-like 
phenotype described in our study is highly likely to be driven by prolonged 
maternal milk consumption and may have important implications for the 
impact and duration of maternal milk feeding practices both in the animal 
and human populations.
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6 Discussion
A large body of evidence presented in Chapter 1 demonstrates that ma­
ternal separation during the weaning period can lead to significant neurobe­
haviour al alterations. In addition, the effects of maternal separation stress on 
altering the composition of gut microbiota and metabolic activity have also 
been highlighted (see Sections 4.1 and 5.1). To this end, it is important to 
consider the impact of separation stress on the manifestation of phenotypes 
observed in the current study. Indeed, the studies carried out by Goody 
k, Kitchen (2001) utilised additional animal groups such as the inclusion 
of lactating and non-lactating surrogate mothers in order to explore the 
possibility of psychological factors underlying the changes observed in the 
development of DOPrs between the weaned and non-weaned rats. Their 
findings clearly ruled out the involvement of maternal presence as a regulator 
of MOPr to DOPr transition during this sensitive period. Nonetheless, the 
protocols used within the current studies to explore the effects of weaning 
time on behaviour did not include the use of surrogate mothers to control 
for effects associated with the presence or absence of the mother. It would 
thus be important to include these groups in future experiments in order to 
further strengthen the findings of the current work to confirm weaning time 
as a key regulator of behavioural development.
In terms of the impact of casein ingestion on behaviour in the human 
population, a number of clinical studies using casein-free dietary interven­
tions have been conducted and although there is some controversy in results 
(see Millward et al (2004)), most observational data suggest an overall 
positive effect associated with a casein-free diet on children suffering from 
neurodevelopmental disorders such as autism (Whiteley et al, 2010; Knivs- 
berg et al, 2003). This scientific literature has led to the production of a 
genetically modified variant of milk that lacks the Al type casein known to
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produce ^d-casomorphin-T fragments, The recently developed A2 milk (a2 
Corporation®) is now widely available across all major supermarkets world­
wide. Furthermore, reports from parents of children suffering from autistic 
disorders consuming this milk point towards an overall beneficial behavioural 
effect on the symptoms of their children. Indeed the results obtained in 
this thesis, in addtion to those of Goody and Kitchen (2001), suggest a 
strong association with post-weaning casein consumption on behaviour and 
corroborate the findings from such human observational studies. It should 
be noted that the positive effect of A2 milk is not restricted to behavioural 
disorders, but also there is strong evidence linking Al milk to other diseases 
such as Type 1 diabetes, heart disease, and a number of immune conditions 
(see Woodford (2009)).
The literature introduced in Chapter 1 (Tables 1.2 to 1.4) provided strong 
evidence to suggest gender-dependent behavioural effects associated with 
weaning. A number of these studies have also given strong evidence to 
suggest persistence of behavioural effects associated with weaning time 
alterations into adolescence and adulthood. Although, the main finding from 
our current investigation on male rats showed a marked depressive-like effect 
in response to a lack of weaning during the postnatal period, it would be 
of interest to investigate the persistence of this behaviour until adulthood 
in both sexes. Indeed, in many human studies, exposure to adverse stimuli 
during development has been shown to predispose individuals to developing 
a number of neuropsychiatrie conditions later in life (Heim & Nemeroff (1999, 
2001) and see Bale et al (2010)).
It is important to note that the studies concerning the effects of breastfeed­
ing duration or exposure to stressful events in early life on neurobehaviour al
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development and microbial composition as cited above and in 1 have ma­
jor limitations in that they are mostly based on observational data. The 
primary strength associated with such studies is that they are sometimes 
the only possible way of investigating the research question. However, their 
limitations include low validity, and the association of confounding factors, 
chance, bias and sample sizes. As such, these findings have been presented 
herein as merely indicative of a possible correlation existing between diet 
and stress in early life and behavioural development, rather than providing 
support for the findings of the work conducted in this thesis.
The current investigation screened for depressive behaviours using the 
forced swimming test (FST). This paradigm is often used in the laboratory 
as an acute stressor (Abel, 1994). As the EPM and 3CB tests impose 
less stress upon the animal compared to the FST, it is plausible to suggest 
stress mechanisms infiuencing the depressive behavioural phenotype observed. 
Consistent with this notion, studies presented in Chapter 3 demonstrate that 
non-weaned animals that display depressive behaviours also exhibit critical 
dysregulations of the oxytocinergic stress response systems specifically in the 
amygdala. Given the key role of OTR in the amygdala in the modulation 
of emotional responses to stress (Ebner et al, 2005a), it is possible that 
changes in the oxytocinergic response to stress induced by weaning represent 
a homeostatic stress coping mechanism that is absent in non-weaned animals. 
This suggests that weaning may constitute a developmental trigger to shift 
stress coping mechanisms from a passive to an active style. This is clearly 
demonstrated by the increase in active behaviours seen in the weaned animals, 
such as swimming, climbing and diving behaviours, under the forced swim test 
(Chapter 2). The role of the central oxytocinergic system in the regulation of 
mood and stress disorders is becoming more recognised. The results presented
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here raise an important regulatory role of weaning upon this system. However, 
further work is required in order to establish direct mechanisms by which 
stress-induced dysregulation of OT could be associated with the behavioural 
deficits observed. For example, although peptide contents can be measured 
in the plasma and tissue of the animals, microdialysis studies would allow 
direct measurement of oxytocin release within different brain nuclei such as 
the amygdala under stress conditions.
B ehavioural m od u la tion  by  gu t m icrob iota
The gut-brain axis is a communication system that integrates neural, im­
munological and hormonal signaling between the gut and the brain providing 
the intestinal microbiota and its metabolites a potential route through which 
to influence the brain. This system is bidirectional in nature enabling the 
brain to also influence gastrointestinal and immune functions. Literature 
cited in Chapter 1 (Section 1.6) provided strong evidence for the ability 
of the gut microbiota to influence brain development and behaviour and 
postulated mechanisms through which diet and stress are able to modulate 
this cross-talk. This work explored the influence of weaning and stress 
exposure on the composition of abundant members of the gut microbiota 
and the potential of changes in microbial composition and metabolic activity 
upon the emotional deficits observed in the studies shown in Chapters 2 and 
3.
The results shown in Chapter 4 illustrate an important role for weaning 
and stress exposure on the composition of gut microbiota. It has been 
clearly demonstrated that non-weaned rats, which initially harboured lower 
C. histolyticum levels, were far more sensitive to this bacterial proliferation
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under stress conditions with elevations witnessed throughout the whole of 
the gastrointestinal tract. It is not however clear if this effect is linked 
to the observed behavioural phenotype. Nonetheless, given that stress- 
induced bacterial translocation has been linked to mood disorders, it would 
be plausible to suggest a potential involvement of these species in the 
manifestation of the observed behavioural phenotype.
To further strengthen our hypotheses, use of GF rats - sterile rats without 
exposure to bacteria - would enable establishment of the behavioural impact 
of microbial species under weaned and non-weaned states. In addition, by use 
of SPF rats a greater insight to the role of specific microbial communities (e.g. 
clostridia) that could influence behaviour would be achieved. Furthermore, 
a program of work examining the composition of other microbial groups 
such as Bacteroides, Proteohacteria and Actinobacteria, previously shown to 
be affected by various environmental conditions (Foster k  McVey Neufeld, 
2013), would provide us with a greater overview into the effect of weaning 
and stress upon the colonisation of gut microbial species. This will in turn 
allow design of potential therapeutic interventions for the treatment of mood 
disorders. These would include use of probiotics and antibiotics, either by 
administration of the pro or antibiotics themselves or by developing drugs 
that have the capability to mimic their metabolic functions.
The aim of this thesis was to explore the possible involvement of the 
gut-brain axis communication on the modulation of emotional behaviour. 
The preliminary findings of the gut microbial studies have indeed highlighted 
alterations in the growth of bacterial species belonging to the Clostridium 
groups. However, further analysis would enable better understanding of the 
relationship between these bacterial species in driving behaviour. Currently,
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it is not possible to ascertain the mechanism by which clostridial changes 
could be related to the phenotype observed or indeed the impact of dietary 
or stress exposure changes on these species. Although the metabonomic 
studies highlighted a number of metabolites related to the metabolic activity 
of these species, it is difficult to suggest that these metabolites could be 
driving the behavioural change at this point.
As described in Chapter 1 and Figure 1.2, there are many ways in which 
the gut microbiota signal to the brain or vice versa. These include immune 
activation, vagal innervation, production of neurometabolites, microbial 
metabolites, tryptophan metabolism as well as the composition of microbiota 
itself. In the current work, attempts have been put forward to explore the 
possibility of the compositional changes in gut microbiota as well as the 
production of microbial metabolites on behavioural regulation. The microbial 
composition has been shown to be open to modifications with diet and stress. 
This determines competition for dietary ingredients as growth substrates, 
conversion of sugars to inhibitory fermentation compounds, production 
of growth substrates, release of bacteriocins, stimulation of the immune 
system and competition against other bacteria colonising the gut wall and 
also barrier function. As such, future studies would be directed towards 
the understanding of the production and regulation of these parameters in 
relation to the current findings.
Metabonomics studies carried out in Chapter 5 revealed several gut micro­
bial metabolite differences between the animal groups, some of which were 
altered by weaning, stress and or both. Microbial metabolites modulate 
host metabolic reactions such as SCFAs, bile acids and choline metabolism 
(see Section 5.4). Carbohydrates are broken down by the bacteria, resulting
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in the production of neuro-active metabolites, such as acetate, succinate, 
putrescine, PAG, 3-HPPA amongst others (see Figure 5.13). It is suggested 
that alterations in the (over)production of such metabolites are associated 
with behavioural changes such as anxiety, depressive and autistic behaviours 
(see discussion in Section 5.4).
The current work has not scrutinised other pathways in which signaling 
via the gut-brain axis could occur. For example, one major pathway is 
through the vagal nerves, the main nerves of the parasympathetic nervous 
system. Vagotomy studies have been able to link certain gut-brain signaling 
to this system and thus utilisation of such studies would enable us to explore 
the role of vagal nerve involvement in the regulation of behaviour seen in the 
current study. In addition, another mechanism involving the activation of the 
immune system via the production of pro- or anti-inflammatory cytokines by 
microbial influences has been found. Analysis of cytokine release in future 
studies would therefore be an advantage. Other mechanisms such as the 
production of neurometabolites and tryptophan metabolism would also be 
useful to be carried out in future work. Neurometabolites are produced 
by microbes and can act directly on nerve terminals in the gut via the 
transducer cells such as enteroendocrine cells that are found in the intestinal 
tract. These are accessible by bacteria and are in contact with nerve terminals 
and can modulate signaling. Tryptophan metabolism has been found to 
be dysregulated in many neuropsychiatrie disorders. Tryptophan can be 
produced by diet and by bacteria and is the precursor to many neuroactive 
agents such as serotonin. The metabonomics findings of the present study 
highlighted a number of metabolites involved in the tryptophan-nicotinic 
pathway, including NMND, NMNA and 4P Y and provide direction towards
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focusing on the relationship of these metabolites on behavioural regulation 
as discussed below.
A  sy stem s b io logy  approach to  u n derstand ing early-life  
program m ing
In this project, NMR-based metabonomics was successfully used in order to 
reveal any metabolic variation between the treatment groups. Consistent 
with changes in microbial composition, in Chapter 5 we demonstrated sig­
nificant changes in a number of gut microbial metabolic products, further 
extending the role for the gut microbiota in behavioural regulation at critical 
developmental periods. The observations were consistent with other metabo­
nomic studies of depression and support the association between depression 
and disrupted gut microbial functionality. This connection is reinforced by 
the comorbidity between depressive-like and anxiety disorders and irritable 
bowel disease, a disorder recognised to involve gut microbiota disruption 
(Cros et al, 2009).
Of particular importance it was shown that weaning perturbed the 
tryptophan-nicotinic acid pathway, a pathway previously implicated in de­
pression (Curzon k  Bridges, 1970). The findings illustrate that non-weaned 
rats that had prolonged exposure to casein, display both behavioural and 
biochemical phenotypes characteristic of depression and that NMND may 
well be involved in the mechanism driving the phenotype. Further work 
incorporating administration of the identified metabolites in animal sub­
jects would enable establishment of biomarkers of behavioural disorders. At 
present, there are no studies specifically examining the behavioural effects 
associated with specific nicotinic acid metabolites.
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Given that in each CNS disorder, there are disturbances in several path­
ways, research based on global approaches such as metabonomics derives 
a more comprehensive picture of the potential pathways involved in the 
aetiology of the disease and their links. Insofar as the current investigation 
is concerned, one important question that remains to be answered is whether 
the metabolic pathways found to be perturbed are in fact a direct cause or 
an effect of the emotional deficits seen in our present studies. Determination 
of altered metabolites involved in mood disorders will enable design of drugs 
that target the metabolic pathways.
From  R ats to  H um ans
In terms of the applicability of the current findings to humans, direct 
comparisons are made difficult by the problems concerning age correlations 
as well as the documented differences in the timing of CNS development 
between the two species. The precise correlation between the age of rat 
and human is still a m atter of debate. Several studies have attempted to 
find physiological parameters by which correlations could be assessed, but 
have not proved to be conclusive. For the most part, and as discussed in 
Chapter 1, researchers have focused on relating human and rat ages by 
looking at life span and taking into consideration the different phases of life 
such as weaning and adulthood (Romijn et al, 1991; Quinn, 2005; Sengupta, 
2013). Weaning is an important developmental phase in animals and occurs 
gradually in nature. In the present study and in other research concerning 
weaning, the experimenter controls this crucial phase. As a result, forced 
weaning cannot easily be correlated to that of natural weaning in the rat. 
The process of weaning in humans is transitional in nature, in that the infant
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begins complimentary solid food intake whilst breastfeeding continues. In 
future studies, it would be advantageous to assess the behavioural parameters 
measured in the present study under natural weaning conditions.
The animal behavioural model (FST) used in the present study has been 
shown to have high degree of face and construct validity. Face validity is a 
degree of descriptive similarity between a behavioural dysfunction seen in the 
animal model and in the human affected by a particular neurobehavioural 
disorder. Whist construct validity is the degree of similarity between the 
mechanisms underlying behavior in the model and underlying the behavior 
in the condition being modeled. Depression is a heterogeneous disorder and 
its variable symptoms are hard to be reproduced in the rat. Thus it is often 
difficult to conclude whether a rat is deemed “depressed”. The validity of FST 
heavily relies on either the actions of antidepressants or responses to stress, 
and so it is can sometimes not be the ideal animal model to assess various 
aspects of depressive behaviour. As with any behavioural studies attempting 
to translate findings to humans, such criterion has become open to much 
debate and criticism. For example, it may be that the same behavioural 
dysfunctions may be the expression of different underlying physiological or 
psychological states.
As discussed in Chapter 2, one underlying factor relating to changes seen in 
depressive-like behaviour seen between the weaned and non-weaned animals 
could be related to the development of physical abilities. It is suggested that 
weaned animals become more physically active once weaning takes place due 
the absence of the mother in the cage and thus are able to engage in more 
physical activity when compared to the non-weaned animals that remain 
mostly attached to the nipple with the mother present past PND21. This
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phenomenon would need to be further clarified in future studies by the use 
of animal models assessing active behaviours. Indeed, body weight has been 
shown to play a crucial role in regulation of physical activity in animals and 
could also be used as a good indication of changes in active behaviours (Tou 
& Wade, 2002).
C onclusions
This thesis has provided evidence for a critical role of weaning on the 
development of behaviour and has raised important concerns of early life 
factors and their potential damaging effect on mood and stress-related 
behaviours. Understanding mechanisms in which the regulatory role of casein 
is exerted is crucial and has important clinical public health implications. In 
taking a multidisciplinary approach the work described here demonstrates 
that behavioural programing during early life is associated with not only key 
CNS systems but also with alterations in microbial populations and metabolic 
pathways. Further studies should establish direct mechanisms through which 
a gut-brain axis communication may modulate behaviour during critical 
stages in development. The results of the current work in this emerging 
area provide novel targets for interventions in the pathogenesis of paediatric 
psychiatric illnesses. These include provision of comprehensive guidelines on 
weaning practices in both human and animal practices, elimination of early 
life environmental stress stimuli, as well as design of drugs targeting the 
opioid and oxytocin receptor system as well as therapies involving microbial 
and metabolic systems.
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